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ABSTRACT 

Autoantibodies directed against proteins of the adrenal cortex and 
the liver were studied in 88 subjects of Sardinian descent, namely six 
patients with autoimmune polyendocrine syndrome type 1 (APSl), 22 
relatives of APSl patients, 40 controls with other autoimmune dis- 
eases, and 20 healthy controls. Indirect immunofluorescence, using 
tissue sections of the adrenal cortex, revealed a cytoptasmatic stain- 
ing pattern in 4 of 6 patients with APSl. Western blotting with 
adrenal mitochondria identified autoantigeos of 54 kDa and 57 kDa, 
Western blotting with placental mitochondria revealed a 5 4- kDa au- 
toantigen. The 54-kDa protein was recognized by 4 of 6 patients with 
APSl both in placental and adrenal tissue, whereas the 57-kDa pro- 
tein was detected only by one serum. Using recombinant preparations 



AUTOIMMUNE polyendocrine syndrome type 1 (APSl) 
is a rare autosomal recessive disorder characterized 
by a variable combination of disease components (1-3). The 
first clinical manifestation of APSl usually occurs in child- 
hood, and progressively new components appear through- 
out life, the majority (63%) of the patients suffering from 
three to five of them (2). The most frequent components in 
APSl are chronic mucocutaneous candidiasis, hypoparathy- 
roidism, adrenocortical failure, and gonadal failure in fe- 
males (2, 3). Hepatitis is a serious, but less frequent, disease 
component (1-3). Defects in immunoregulation were sug- 
gested to play a role in the disease mechanism, and the 
presence of organ-specific autoantibodies was demonstrated 
repeatedly (4-12; also see Ref. 14) 

Recently, progress was made in the study of APSl -related 
Addison's disease, which affects more than 60% of APSl 
patients (1-3). Adrenal autoantigens in APSl are cyto- 
chromes P450 cl7, P450 sec, and P450 c21, which are all 
enzymes involved in steroidogenesis (5-13). P450 c21 is re- 
ported to be present in the adrenal cortex; expression of P450 
cl7 is found in adrenal tissue and steroid-producing cells of 
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of cytochrome P450 proteins, the autoantigens were identified as 
P450 sec and P450 cl7. 

One of six APSl patients suffered from chronic hepatitis. In this 
patient, immunofluorescence revealed a centrolobular liver and a 



testis and ovary; and P450 sec is expressed in adrenals, go- 
nads, and placenta (8). It was shown previously mat autoan- 
tibodies directed against the adrenal cortex alone correlate 
with a high risk of adrenocortical failure, and antibodies 
directed against steroidal cells in females, in addition, cor- 
relate with a high risk of ovarian failure (14). 

Chronic hepatitis is a serious disease component present 
in 10-18% of patients with APSl (1-3), and occasional 
deaths related to hepatitis are reported in APSl (2, 15). 
However, hepatitis as a disease component of APSl still is 
poorly investigated. Autoantibodies associated with au- 
toimmune hepatitis as part of APSl were not described 
before, and the corresponding antigens accordingly re- 
mained unidentified. 

Here we report the characterization of six patients with 
APSl and confirm P450 sec and P450 cl7 as adrenal autoan- 
tigens in APSl in patients from Sardinia. We present the first 
characterization of hepatic autoantibodies in patients with 
APSl and the molecular identification of a hepatic autoan- 
tigen in APS 1. The molecular target, cytochrome P450 1 A2, 
is different from the targets of LKMl and LKM3 autoanti- 
bodies that are found in autoimmune hepatitis type 2, Po- 
tential diagnostic consequences of this finding are discussed. 

Subjects and Methods 

Patients 

We studied six patients with A1*S1 (Table 1). Patient 3 suffered from 
liver disease. Patient 1 is female and lacks markers for hepatitis B,C, and 



proximal renal tubule staining pattern. Western blots using micro- 
somal preparations of human liver revealed a protein band of 52 kDa. 
The autoantigen was identified as cytochrome P450 1A2 by use of 
recombinant protein preparations. P450 1A2 represents the first he- 
patic autoantigen reported in APSl. P450 1A2 usually is not detected 
by sera of patients with isolated autoimmune liver disease a nd mig ht 
_be_a he patic marker autoantigen for patie nts with APSl. U J Clin 
Endocrinol Metab 82: 1353-1361, 1997) 1 
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D viruses and HIV. Serum ceruloplasmin and <*-l antitrypsin levels are 
normal. She presented at the clinic at the age of 6yr with acute hepatitis 
that subsequently turned chronic. Four years after the onset of hepatitis, 
she developed adrenal failure and chronic mucocutaneous candidiasis. 
A percutaneous liver biopsy revealed the histologic picture of chronic 
active hepatitis. 

We also studied sera of 22 first-degree relatives of APS1 patients, 
of 40 patients with other autoimmune diseases (namely 1 with iso- 
lated Addison's disease, ]0 with Hashimoto disease, 10 with insulin- 
dependent diabetes mellitus (IDDM), 3 with IDDM and celiac disease, 
4 with autoimmune hepatitis type 1 and type 2, 10 with chronic 
hepatitis C virus, 1 with primary billiary cirrhosis, 1 with systemic 
lupus erythematosus) and of 20 healthy controls (Table 2). All subjects 
were of Sardinian descent. As shown in Fig, 1, the 6 APS1 patients 
belong to 5 different families. In family 3 and in family 5, 1 sister 
affected by AFS1 died of acute adrenal failure (at 8 yr old and 15 yr 
old, respectively). None of the other 22 relatives had evidence of an 
autoimmune disorder. 



Materials 

Human liver tissue was obtained during liver transplantation from 
a patient's liver that was removed because of hepatocellular carcinoma. 
The tissue otherwise would have been discarded. 

rbr the immunofluorescence studies, a goat antihuman IgM, IgG, IgA 
polyclonal FITC-conjugated antiserum was used (Dianova, Hamburg, 
Germany). The antibody used for Western blots was an alkaline phos- 
phatase conjugated anti-IgG, IgA, and IgM antiserum (Dianova). The 
complementary DNA (cDNA) construct pBS/1 A2, used for subcloning 
the cDNA of P450 1 A2, was provided by one of us (R. H. Tukey, UC San 
Diego). The cDNA constructs, pUOS-scc and PUC 18-cl7, containing 
the cDNAs of P450 sec and P450 cl7, were a kind gift of Walter Miller, 
UC San Francisco 06, 17). The DH5o FIQ cells were from GIBCO-BRL 
(Eggenstein, Germany). 

Nitro blue tetrazoliumchlohde/5-bromo-chloro-3 indoryl phosphate 
substrates and tsopropylthiogalactoside (IPTG) for bacterial induction 
were from Promega (Madison, WI). Vectors for the expression of bac- 
terial proteins were from the pQE 30 series of Quiagen (Hilden, Ger- 



TABLE 1. Disease components and analytical results of six patients with APS1 
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listed in parentheses in the column of disease components is the time interval between the first occurrence of chronic active hepatitis or 
Addison's disease and the time point of blood sampling. M. candidiasis, mucocutaneous candidiasis; IP, indirect immunofluorescence- WB 
. Western blot. 



TABLE 2. Diseases and analytical results of the control subjects 



No. subjects 1 10 3 10 4 10 1 1 22 20 

IF/WB human adrenals 
IP rat liver/kidney 

LKM 2 2 

SMA (F-aetin) 2 

ANA 8 15 1 

AMA 1 
WB human liver microsomes: 

LKM (50 kDa> 1 2 

LKM (50 kDa + 68 kDa) 1 
WB — P450 cl7 
WB— P450 set: 
WB-P450 IA2 



IDDM, Insulin-dependent diabetes mellitus; AIH, autoimmune hepatitis; HCV, hepatitis C virus; PBC. ijrimary biliary cirrhosis; SLE, 
systemic lupus erythematosus; I F, indirect, immunofl uorescence; WB, Western blot; LKM, liver kidney microsomal aut oanti bodies; SMA, smooth 
musde antibodies; ANA, antinuclcar antibodies; AMA, antimitoehondria! antibodies. 
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Fki. 1. Families of the AFSl patients studied. The number below 
each symbol indicates the age in years. Numbers in a black square or 
circle indicate the number for this APSl patient used in this paper. 
The dead relatives of APSl patients are not included in this study. 



many). Restriction enzymes were purchased from New England Biolabs 
(Sch walbach/Taunus, Germany), and the sequencing kit was from Phar- 
macia (Freiburg, Germany). All other chemicals used were of the highest 
degree available and purchased from Sigma (Heidelberg, Germany). 

Methods 

Indirect immunofluorescence. Frozen sections of rat liver and kidney and 
of human adrenals were incubated at room temperature for 30 min with 
patient sera at dilutions of 1:40, 1 :80, 1:160, 1520, 1*40, and 1:1280 in 
phosphate buffered saline (PBS). The sections were washed twice in PBS 
and incubated with a goat antihuman anti-IgM, IgA, and IgG FITC- 
conjugated antiserum at a dilution of 1:100 in PBS for 30 min at room 
temperature. The sections were washed twice in PBS and embedded in 
90% vol /vol glycerol in PBS. For analysis of the results, we used an 
Olympus IMT2 microscope (Olympus, Hamburg, Germany) fitted with 
an Olympus SC 35 type 12 camera. 

Antigen preparations. One gram of frozen tissue was homogenized with 
20 strokes of a homogentsator in 3 mL i ceroid solution of 0.25 mol/L 
sucrose containing 0.1 mmol/L phenyl methylsulfonylfluoride. Cellular 
debris and nuclei were removed by centrifugation (Sigma SKI 5 centri- 
fuge, 1000 X g, 4 C, 15 min). The supernatant was fractionated by 
centrifugation (Sigma SK15 centrifuge, 3000 X g, 4 C, 15 min) into a 
mitochondrial pellet and the supernatant containing microsomes and 
the soluble liver proteins. 

Mitoclwndrial picparation. For mitochondrial preparations, the pellet was 
resuspended in the sucrose solution, and the mitochondria were washed 
three times, as described above. The washed pellet was frozen on dry 
ice and stored at -80 C. The resulting fraction is enriched in 
mitochondria. 

Microsomal preparation. The supernatant containing microsomes and sol- 
uble liver proteins was subjected to ultracentrifugation (Beckman ul- 
tracentrifuge, TLA 100 rotor, 100,000 X %, 4 C, 1 h). The supernatant was 
discarded, and the microsomal pellet was resuspended in 0.5 ml sucrose 
solution. The subcellular fractions were frozen on dry ice and stored at 
-80 C. The resulting preparation is enriched in microsomal proteins. 

Western blotting. Fifty micrograms of tissue antigens and bacterial ex- 
tracts containing recombinant proteins were separated on a 30% poly- 
acrylamide geJ and transferred to nitrocellulose (18, 19). The blots were 
blocked in PBS containing 0.1% Tween 20 and 5% nonfat dry milk and 
incubated for 1 h with a 1:100 dilution of the patient's or control sera in 
PBS-Tween. The blots were then washed three times for 10 min with 



FBS-Tween and incubated for 1 h with a 1:1000 dilution of an alkaline 
phosphatase conjugated antihuman lgM, IgA, IgC antiserum in PBS- 
Tween. After washing three times with FBS-Tween and two times in 
alkaline phosphatase buffer, the blots were developed using th* nitro 
blue tetrazolium chloride/5-bromo-chloro-3 indolyl phosphate detec- 
tion system (20). 

Cloning and expression of recombinant cytochromes P450$. The primers used 
for amplification and modification of cytochromes P450 according to 
Waterman (21) had the following seq uenc es: P450 sec-primers: 5' GT- 
C AGCT ACCG CTCTCTT ATT AGC A CTTTTTCTGTC AGTCCTGC TC- 
AAACCCTAC 3' and 5' CCTCA AGCTTTG ATC ACTGCTCCGTTCC- 
TT C 3'; F4 50 cl7-primers: 5' GTGACGTACCCCTCTCTTATTAC- 
C AG1 1 1 1 1CTCCTTACCCTACCTTA 1 I I C 1 11 3' and 5' CCTCAA- 
GCTTTGATCACTGCTGGGTTGCTTC 3'; P450 lA2-primen>: 5' GT- 
GAGGTACCGCTCTGTTATTAGCAGTTITrCTGTTCTGCCrGGTAT- 
TCTGCGTG 3' and 5' CCTCA AGCTTCA ATTG ATGG AG A ACG 3'. 

The cDNAs were amplified by the Vent polymerase according to 
the manufacturers recommendations (New England Biolabs) (Fig. 
2 A). Den atu ration was performed for 1 min at 94 C, annealing for 2 
min at 62 C, and the elongation for 3 min at 72 C. Twenty cycles were 
applied for the amplification of thecDNA, with a final elongation step 
of 7 min. After PCR, the modified cDNAs were purified by the 
Quiagen PCR-purification kit, digested with Hindlll and Kpnl, and 
inserted into the respective restriction sites of the pQE 30 vector. All 
constructs were confirmed by several restriction digests and by se- 
quence analysis of the N- and C-termini, using the T7 sequencing kit, 
according to the manufacturer's recommendations. For expression of 
the recombinant cytochrome P450 proteins, all cDNA-expression vec- 
tors weTe transfected into DHSnFIQ cells. The expression of the 
recombinant proteins was induced by the addition of 1PTG to a final 
concentration of 2 mmol/L for 3 h after the cells were grown to 
late-log phase. The cells were harvested by centrifugation, lysed in 
SDS-sample buffer, and the proteins were analyzed by SDS-PAGE 
and Western blotting. The expression of cytochrome P450 1A2 was 
further confirmed by Western blotting using a polyclonal rabbit an- 
tihuman P4501A2 antibody that was a kind gift from Prof. P. Beaune 
of the University of Paris. 

Absorption studies. For absorption experiments, all sera were incubated 
with total proteins from Escherichia coli (E. colt) cells, carrying the ex- 
pression vector alone or expressing the recombinant cytochromes P450 
cl7, P450 sec, or P450 1A2, according to the method described by Uibo 
et al (8). Experiments of indirect immunofluorescence and immuno- 
blotting (of human adrenal, human liver antigen preparations, and re- 
combinant P450 enzymes) were performed with nonadsorbed and ab- 
sorbed sera. 

Results 

Indirect immunofluorescence on human adrenal sections 

Indirect immunofluorescence studies of the sera were per- 
formed on cryosections of human adrenal tissue (Table 1). 
Four of six APSl sera detected tissue antigens in all three 
layers (zona glomerulosa, the zona fasciculate, and the zona 
reticularis) of the human adrenal cortex. None of the 82 other 
sera, including the serum from a patient with idiopathic 
Addison's disease, recognized adrenal antigens. 

Immunoblotting with human adrenal antigens 

To further characterize the adrenal autoantigens involved, 
we prepared rnitochondrial subfractions of human adrenal 
and placental tissues. Western blotting, with patient sera 1, 
2, 4, and 5, revealed a protein band at 54 kDa in both tissues 
(Fig. 3, A and B). In addition to the 54- kDa protein, patient 
serum no. 2 recognized a second band at 57 kDa in adrenal 
but not in placental tissue. In contrast, none of the sera from 
the patients' first-degree relatives, from patients with other 
autoimmune diseases, or from healthy controls showed pro- 
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Fig. 2. Expression of recombinant cytochromes P450 sec, P450 cl7, and P460 1A2 in E. coli. A, Construction of the expression vectors; B, the 
figure shows a typical result after Coomassie Blue staining of E. coli lysates expressing cytochromes P450 1A2, P450 sec, and P450 cl7. Arrows 
on the left, indicate the position of the molecular weight standards, arrows on the right mark the positions of the recombinant cytochrome P450 
proteins. 



tein bands at the levels of 54 or 57 kDa (Fig. 3, A and B, Table 
2). Also, the serum of the patient with isolated Addison's 
disease failed to recognize any of these autoantigens. This 
result is in accordance with the working hypothesis that the 
autoantigenes recognized in immunofluorescence are the 54- 
kDa and 57-kDa protein bands found in Western blotting. 

Immunoblotting with recombinant cytochromes P450 sec 
and P450 cl7 

Bacterial lysa tes of clones expressing cytochromes P450 sec 
and P450 cl7 were used to test for the presence of autoan- 
tibodies directed against these two proteins. Sera 1, 2, 4, and 
5, which also reacted with the 54-kDa adrenal and placental 
autoantigens, recognized the recombinant P450 sec (Fig. 3C). 
Serum 2, which in addition detected a 57-kDa adrenal anti- 
gen, recognized P450 cl7 (Fig. 3D). In contrast none of 82 
sera from the patients' first-degree relatives, patients with 
other autoimmune diseases, and healthy controls recognized 
P450 sec or P450 cl7 (Fig- 3, C and D and Table 2). 

Control experiments with lysates from bacteria expressing 
the empty pQE vector were performed with all patient and 



control sera, demonstrating the specificity of the reaction by 
the absence of the specific 54-kDa and 57-kDa bands (data not 
shown). 

Absorption studies were performed with recombinant 
preparations of P450 sec and P450 cl7 (data not shown). As 
expected, recombinant P450 sec absorbed the bands a 1 54 kDa 
and P450 cl7 the band at 57 kDa, in Western blots with 
human adrenal mitochondria, demonstrating the identity of 
the molecular targets. Interestingly, using P450 sec for ab- 
sorption, no other signal was left in blots with patient sera 1, 
4, and 5, whereas only the 57-kDa band remained in blots 
using serum 2. 

Also, the signals in immunofluorescence could be ab- 
sorbed by the recombinant preparations of P450 sec and P450 
el 7, if P450 sec were used for sera 1, 4, and 5 and a combi- 
nation of P450 sec and P450 cl7 was used for patient serum 
2 (data not shown). These results clearly demonstrate that the 
immunofluorescence is caused by autoantibodies directed 
against cytochromes P450 sec and P450 cl7. They further 
show that no autoantibodies directed against cytochrome 
P450 c23 are present that would not have been absorbed by 
die recombinant antigens. 
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Pig. 3. Western blots with adrenal an- 
tigens, placental antigens, and recom- 
binant cytochromes P450 sec and P450 
cl7. A, Western Wots with mitochon- 
drial antigens of human adrenals; B, 
Western Hots with mitochondrial anti- 
gens of human placenta; C, Western 
blots with P450 sec expressed in R cali; 
D, Western blots with P450 cl7 ex- 
pressed in E, coU; Lanes 1 and 2, first- 
degree APSl patients' relatives; lanes 
3-8, APSl patients 1-6; lane 9, patient 
with isolated Addison's disease; lanes 
10-12, patients with Hashimoto dis- 
ease; lane 13, LKM1 -positive patient 
with autoimmune hepatitis; lane 14, 
LKMl-positive patient with hepatitis C 
virus; lane 15, patient with primary bil- 
liary cirrhosis; lanes 16-18, patients 
with IDDM and celiac disease; lane 19, 
patient with systemic lupus eythema- 
tosus. 
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Indirect immunofluorescence on rat liver and kidney 
sections 

To investigate the hepatic autoantigens involved in 
chronic autoimmune hepatitis associated with APSl , indirect 
immunofluorescence was performed (Tables 1 and 2). Six out 
of 88 sera tested revealed immunostaining of liver and kid- 
ney sections. These sera were the serum of patient 1, who 
suffered from chronic hepatitis and APSl, two sera from 
patients with LKM-1 positive autoimmune hepatitis, two 
sera from patients with LKM-1 positive hepatitis C, and one 
serum from a patient with primary biliary cirrhosis, who was 



positive for ail mitochondrial antibodies. The staining pat- 
tern of the serum of patient 1 (Fig. 4) was characterized by 
a predominant staining of the perivenous hepatocytes (ti- 
ter > 1:1000) and of the proximal renal tubules (titer 1:320). 
This pattern differs from the homogeneous staining pattern 
found in patients with isolated autoimmune hepatitis, sug- 
gesting that the serum of patient 2 recognizes an autoantigen 
that is different from LKM1 (anticytochrome P450 2D6) and 
LKM3 (an ti-UDP-glucuronosyl transferase) autoantigenes 
that were described earlier to be targets for autoimmunity in 
patients with autoimmune and virus hepatitis (22, 23). 
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Pig. 4. Indirect immunofluorescence of rat liver and rat kidney sections. Patient serum 2 was diluted 1:320 in PBS, and indirect immuno- 
fluorescence was performed on cryosections on rat liver (A) and rat kidney (B). For imm u nostaini ng, a goat antihuman anti-IgM, IgA, and IgG 
FTC-conjugated antiserum was used at a dilution of 1:100. 



Immunoblotting with human liver antigens 

To further characterize the hepatic antigens involved, 
the microsomal fraction of human liver tissue was handled 
under nonreducing conditions and tested by immunoblot- 
ting. As shown in Fig. 5A, a protein band of approximately 
52 kDa was detected by the serum of patient 1. Bands of 
50 kDa and 68 kDa were detected by the LKM1 -positive 
patients, the 50-kDa band representing an autoantibody 
directed against cytochrome P450 2D6 (22). The patient 
with PBC shows a band at about 70 kDa, which is caused 
by a high- titer antimitochondrial antibody produced by 
this patient. 

Immunoblotting with P450 1A2 

To identify the hepatic autoantigen recognized by pa- 
tient 1, we expressed cytochrome P450 1 A2 in E. coli (Fig. 
2). Preparations of the recombinant cytochrome P450 1 A2 
were used in Western blotting experiments. All of the 88 
sera were tested; however, only the serum of patient 1 was 
positive (Fig. 5B). This result demonstrates that P450 1A2 



is an autoantigen in autoimmune hepatitis associated with 
APS1. To demonstrate the specificity of the reaction, a 
Western blot of serum 1 was performed, using E. coli 
extracts of clones carrying the empty vector alone, in par- 
allel with preparations containing recombinant P450 1A2. 
No band appeared in the control extract, whereas a clear 
signal was visible in the lane containing P450 1A2 (Fig. 
5C). 

P450 1A2 is expressed in liver, but not in kidney, and 
therefore, antibodies directed against P450 1A2 were de- 
scribed before as LM autoantibody in patients with dihy- 
dralazine-induced hepatitis (24). There are two potential ex- 
planations for the renal immunofluorescence partem. The 
first explanation consists of a cross- reaction of the autoan- 
tibody with a kidney antigen. A cross-reaction also would 
explain why the signal is only detected at lower serum di- 
lutions. The second explanation is the presence of an unre- 
lated second autoantibody present at a lower titer. To dis- 
tinguish between these possibilities, absorption studies were 
performed. 
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Pig. 5. Western blotting of microsomal antigens of human liver and recombinant P450 1A2. The numbering of patient sera is the same as in 
Fig. 3, A-C. A, Western blotting of microsomal antigens of human liver, B, Western blotting of a recombinant preparation of P450 1A2. The 
arrow on the left indicates the position of the recombinant cytochrome P450 1A2. C, Ly sates from cells induced by IPTG carrying the empty 
vector (control) and expression vector for cytochrome P460 1A2 were analyzed by Western Wot using the serum of patient X, who is suffering 
fom APS 3 -related autoimmune hepatitis. The arrow on the left indicates the position of the recombinant cytochrome P460 1A2, the arrows on 
the right indicate the molecular mass in kDa. 



Absorption studies 

After absorption with preparations of recombinant P450 
1A2, the immunofluorescence studies shown in Fig. 4 were 
repeated (data not shown). In three independent experi- 
ments, the immunofluorescence disappeared in liver and in 
kidney. In control experiments performed with LKM1 pos- 
itive control sera, the immunofluorescence patterns persisted 
after absorption with the recombinant P450 1A2. 

Figure 6A shows a result after Western blotting with liver 
microsomes. The serum of patient 1 revealed a clear signal 
at 52 kDa in a Western blot with liver microsomes before 



absorption (Fig. 6 A, lane 1) the signal almost completely 
disappeared after absorption with P450 1 A2 (Fig. 6A, lane 2). 
The third lane of Fig. 6A shows that the signals of an LKMl- 
positive serum that are not related to P450 1 A2 persist after 
absorption with P450 1A2. Figure 6B shows a result after 
Western blotting using recombinant P450 1A2. 

Based on these results, we conclude that the 52-kDa band 
detected in Western blotting experiments with liver micro- 
somes is caused by an autoantibody directed against P450 
1 A2. The fact that the immunostainingof kidney sections that 
was found at lower serum dilutions could be absorbed sug- 

B 



FlG. 6. Absorption experiments with 
recombinant P450 1A2. A Immunoblot- 
ting using liver microsomes; B, immu- 
noblotiJng using recombinant P450 
1A2; Lane 1, serum of patient 1 before 
absorption with cytochrome P450 1A2; 
lane 2, serum of patient 1 after absorp- 
tion with cytochrome P450 1A2; lane 3, 
LKMl -positive control serum after ab- 
sorption with P4501A2. 
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gests that the autoantibody directed against P450 1 A2 shows 
some cross-reactivity with renal autoantigens. 

Discussion 

APS1 is characterized by the progressive manifestation of 
a multitude of endocrine and nonendocrine disease compo- 
nents (1, 2, 3). Frequent disease components, Addison's dis- 
ease, and premature ovarian failure in females are linked to 
the presence of adrenal and steroidal cell autoantibodies (9, 
14, 25-27). Autoantigens detected by these autoantibodies in 
APS1 patients are P450 c21, P450 sec, and P450 cl7 (5-12). In 
our study, four of six Sardinian patients with APS1 recog- 
nized cytochrome P450 sec, and one patient's serum detected 
cytochrome P450 cl7. This result is in accordance with stud- 
ies showing that autoantibodies directed against cytochrome 
P450 sec are produced with a high frequency in Scandinavian 
patients with APS1 (7, 8, 12); however, other investigators 
failed to detect autoantibodies directed against P450 sec (10). 
Differing results also are reported concerning the frequency 
of detection of P450 cl7. Whereas Krohn and his colleges 
reported the presence of P450 cl7 autoantibodies in a sub- 
stantial fraction of their patients (5, 8, 9), others failed to 
detect reactivity directed against cytochrome P450 cl7 (7, 10, 
12). In our study, we confirm that cytochrome P450 c!7 is 
recognized by sera from patients with APSl, albeit at a lower 
frequency than P450 sec. The identification of the autoanti- 
gens was based on apparent molecular weight in SDS-PAGE 
and on the use of recombinant preparations expressed in E. 
coli (fig. 3, A-D). There also is some disagreement as to 
whether P450 c21 is an autoantigen in APSl. Although Uibo 
et al. (8) report P450 c21 being an autoantigen in 15/50 pa- 
tients with APSl, Winqvist et d. (7, 12) failed to detect this 
autoantibody in APSl. In our group of six patients with 
APSl, we also did not detect other adrenal autoantigens than 
P450 sec and P450 cl7. 

The most important aspect of this paper, however, is the 
detection and identification of a hepatic autoantigen in pa- 
tients with APSl. Ten to eighteen percent of APSl patients 
develop chronic hepatitis (1-3), and occasionally, patients are 
reported to have died within only a few days from hepatitis, 
which occurred unexpectedly and without signs of prewam- 
ing (2, 15). However, in contrast to the wealth of information 
collected by the researchers working on adrenal and gonadal 
failure in APSl, very little is known about hepatitis as a 
disease component in APSl. Here we report for the first time 
the characterization of hepatic autoantigens and the identi- 
fication of cytochrome P450 1A2 as hepatic autoantigen in 
APSl. The identification of the autoantigen was facilitated by 
an immunofluorescence pattern that was different from the 
patterns resulting from LKM1 and LKM3 autoantibodies. 
When Western blots were performed with rat microsomes, 
we failed to detect a specific protein recognized by the an- 
tiserum (data not shown). However, using human liver mi- 
crosomes, a protein band of 52 kDa appeared. This is in 
accordance with observations published by P. Beaune and 
his colleges (24), who identified cytochrome P450 1A2 as 
hepatic autoantigen in dihydralazine hepatitis. In addition, 
control experiments with intestinal microsomes were per- 
formed (data not shown), demonstrating by the absence of 



the 52-kDa signal that an organ specific autoantigen is de- 
tected by the serum of patient 1. To prove that cytochrome 
P450 1A2 also is an autoantigen in APSl, P450 1A2 was 
expressed in E. coll The serum not only specifically recog- 
nized cytochrome P450 1 A2 in Western blot experiments, bu t 
absorption with recombinant P450 1A2 resulted in a com- 
plete disappearance of the immunofluorescence pattern and 
the reactivity in Western blots with human liver microsomes. 
At lower dilutions of the serum, immunofluorescence also 
was detected in kidney sections, in spite of the fact that P450 
1 A2 is not expressed in kidney . This result seems to be caused 
by a cross-reaction of the antibody, because the renal im- 
munofluorescence also could be absorbed with the recom- 
binant cytochrome P450 1A2. 

Cytochrome P450 1 A2 was described earlier by our group 
as autoantigen in an unusual case of autoimmune hepatitis 
(28, 29). This patient suffered from vitiligo, alopecia, and nail 
dystrophy and had a brother who had died from Addison's 
disease at the age of 8 yr. We now believe that in accordance 
with the criteria for diagnosis of APSl from Neufeld (1), this 
patient also suffered from APSl. Adding the present patient 
to that previous one, we now have two patients on record 
suffering from autoimmune hepatitis in APSl with cyto- 
chrome P450 1A2 as hepatic autoantigen. 

Extensive control studies were performed. A total of 40 
patient sera with other autoimmune diseases and 22 first- 
degree relatives of the patients were tested for autoantibod- 
ies directed against hepatic antigens and cytochrome P450 
1 A2. However, only patient serum 1 and 4 sera from patients 
with other liver diseases reacted with human hepatic micro- 
somes (Pig. 5, Tables 1, 2). When extracts of expression clones 
containing (he recombinant P450 1 A2 were used, reaction of 
only patient serum 1 was detected, showing that the detec- 
tion of the hepatic autoantibodies and P450 1A2 did not 
represent false positive results caused by elevated IgG-levels 
that are typical for patients with autoimmune diseases. Most 
patients with autoimmune hepatitis type 2 recognize P450 
2D6, and about 10% recognize UGT 1 proteins. Of 15 German 
patients with autoimmune hepatitis type 2, none was found 
to recognize cytochrome P450 1A2 (data not shown). Deter- 
mination of the exact molecular target of autoimmunity in 
patients with autoimmune hepatitis could help to distin- 
guish patients with autoimmune hepatitis-2 from patients 
with hepatitis in APSl. The later patients should be closely 
monitored for the development of further disease 
manifestations. 
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SUMMARY 

Recent studies have shown that cytochrome P450 2E1 
(CYP2E1) is a major catalyst of formation of trifluoroacetylated 
proteins, which have been implicated as target antigens in the 
mechanism of halothane hepatitis. In the present investigation, 
trifluoroacetylated CYP2E1 was detected immunochemically in 
livers of rats treated with halothane. Furthermore, high levels of 
autoantibodies that recognized purified rat CYP2E1 but not 
purified rat CYP3A were detected by enzyme-linked immu- 
nosorbent assay in 14 of 20 (70%) sera from patients with 
halothane hepatitis. Only very low levels of such antibodies 
were detected in sera from healthy controls, from patients 
anesthetized with halothane without developing hepatitis, or 
from patients with other liver diseases. The intracellular distri- 
bution of CF 3 CO-adducts was studied in highly differentiated 
FGC4 rat hepatoma ceil cultures. High levels of adducts were 



found after 22-hr culture in the presence of halothane, and their 
generation was dependent on the expression of CYP2E1 . Ad- 
ducts were predominantly located in the endoplasmic reticulum 
but also, to a minor extent, on the cell surface, as detected by 
immunofluorescence. A very similar distribution was found for 
CYP2E1 in FGC4 cells, and immunoprectpitation experiments 
performed in cultures of FGC4-related Fao hepatoma cells 
suggest that surface immunoreactrvity originates from a small 
fraction of intact CYP2E1 apoprotein. Human CYP2E1, ex- 
pressed in V79 cells after cDNAtransfection, was also detected 
to a minor extent in the plasma membrane, whereas no immu- 
nofluorescence was evident in parental V79 cells. It is sug- 
gested that immune responses to cell surface CYP2E1 could 
be involved in the pathogenesis of halothane hepatitis. 



The anesthetic halothane (2-bromo-2-chloro-l,l,l-triflu- 
oroethane) is associated with a severe and sometimes fatal 
hepatitis in approximately one in several thousand anesthe- 
tized patients and also with a mild form of liver injury that 
occurs in -25% of patients (1). The great majority of patients 
(>80%) who develop the severe form of liver injury, termed 
halothane hepatitis, have been exposed to halothane on two 
or more occasions, and these patients frequently exhibit rash, 
arthralgia, eosinophilia, and a variety of autoantibodies, 
which are characteristics of immune-mediated drug hepato- 
toxicity (1). Furthermore, a series of investigations have di- 
rectly implicated immune responses to novel antigens, 
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halothane metabolite-modified protein adducts, in the mech- 
anism of liver injury. 

Initial investigations showed that patients with halothane 
hepatitis exhibited cellular and humoral immune sensitiza- 
tion to novel antigens expressed in livers of halothane-dosed 
rabbits. In particular, antibodies that recognized the novel 
antigens were shown to be highly specific for patients with 
halothane hepatitis and could not be detected in various 
control groups, including halothane-anesthetized individuals 
who do not develop halothane hepatitis, patients anesthe- 
tized with halothane who develop liver injury attributable to 
other causes (2), and patients with the mild form of halo- 
thane-induced liver dysfunction (1). The novel halothane- 
induced antigens have been detected on the surface of iso- 
lated rabbit hepatocytes, and it has been shown that such 
hepatocytes are susceptible to antibody-mediated cytotoxic 
killing by normal human lymphocytes in vitro (2). This sug- 
gests that the antibodies could be responsible for and/or 
contribute to liver injury in patients in vivo. 

Halothane is oxidized by hepatic P450 to the highly reac- 



ABBREVIATIONS: SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; EUSA, enzyme-linked immunosorbent assay; IP, 
immunoprecipitation; ER, endoplasmic reticulum; PM, plasma membrane; P450 or CYP, cytochrome P450; HRP, horseradish peroxidase; POl! 
protein disulfide isomerase; FITC, fluorescein tsothiocyanate; DAS, dialfylsuifide; PBS, phosphate-buffered saline; BSA, bovine serum albumin; 
FBS, fetal bovine serum; TBS. Tris-buffered saline; PMSF, phenylmethylsulfonyl fluoride; PEST, penicillin/streptomycin! RT, room temperature; 
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tive metabolite trifluoroacetylchloride, which either reacts 
with water to yield trifluoroacetate or binds covalently to 
!^S a ^ Pr0teinS and lipids to P rod ^e trifluoroacetyl adducts 
(CF3CO adducts) (3). The novel antigens recognized" by anti- 
bodies from patients with halothane hepatitis have been 
shown to comprise a range of CF 3 CO-protein adducts, which 
are expressed in livers of halothane-exposed rabbits, rats 
and humans and are concentrated in the liver microsomal 
fraction (1). Studies performed using the technique of SDS- 
PAGE and immunoblotting (4, 5) have identified at least 
eight distinct CF 3 CO-modified polypeptide antigens, of 
which all except one are derived from the lumen of the ER 
(4-6) In addition, a second group of antigens was identified 
recently that could be detected by ELISA but not by immu- 
noblotting (7). It seems that these comprise one or more 
^CO-modified membrane proteins of the ER and 

that the epitopes recognized by the antibodies of patients are 
conformational (7). 

Studies undertaken in vivo in rats and in vitro in rat and 
human liver microsomes have shown that the P460 isozyme 
primarily responsible for generation of the CF 3 C0 adducts 
™ ™ immunobl °tting is CYP2E1 (8). 1 The major 

CF 3 CO adduces) formed in vitro exhibited a subunit molec- 
ular mass of 55 kDa, and so could constitute CYP2E1 ad- 
J^,"™* ^P 0 ** we demonstrate expression of 
U? 3 CO-CYP2El adducts in livers of rats treated with halo- 
thane m vivo and the presence of autoantibodies to CYP2E1 
in sera from patients with halothane hepatitis. In addition 
by the use of cell model systems that express CYP2E1 we 
demonstrate expression of a fraction of cellular CYP2E1 and 

a * ™^ Ct * ° n 0611 surface * ^ese findings indicate 
that CYP2E1 is a cell surface autoantigen in halothane hep- 
atitis and suggest that this enzyme plays a dual role in the 
mechanism of liver injury. 



Materials and Methods 

Chemicals 

BSA (fraction V), casein (Hammarsten grade), DAS, dithio-bis- 
(^piomc-Mhydroxysuccinimide ester, protein A/Sepharose CL-4B 
todoa^tanude PMSF. Nonidet P-40 (octylpheaoxy polyethoxy etha^ 
nol) TVeen 20 (polyoxy ethylenesorbitan monolaurate), TWtonX-100 
W-octylphenoxy polyethoxy ethanol), o-phenylenediamine, and 
I^mt^ WerC purchased fro * Sigma Chemical (Poole, 
P urchased Aldnch Chemical (GiUingham, 
^k. r ll L Gd to eliminate ^yinol (a stabilizer). Imidazole was 
obtained from BDH Chemicals (Merck, Lutterworth, UK). Chlorme- 
tmazole was from Astra Arcus AB CSodertalje, Sweden) and was 
provided 1 by Prof. Magnus Ingelman-Sundbcrg (Karolinska Institu- 

Li4t^° u',f ^ enX SDS and EDTA were opined from Koch- 
Light (Haverhill, UK). Protein A-HRP, acrylamide/bie (40%), poly- 

B^ZT at °^ m0leCUlar mass st ^ards "™ £>m 
0 S? n ^ Hempstead, UK). Ham's F12 medium [including 
dhl 7 1 i 2nS ? 4 * 7H ^ iter ^ Oulbecco's modified Eagle's me! 

M tlt mg 45 n° m l ,° f S lucos ^r), fetal bovine serum, PEST 
Sate ^4l^ mC t^ 5000 Mg ° f ^P^^l), geneticin 
sulfate (G-418) and Dulbecco's PBS were from GIBCO BRL (Life 
Technology Paisley. UK). Biotinylation reagent and Sephadex 
G-25 was included in a protein biotinylation module from Amersham 
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Life Sciences (Amersham, UK). Enhanced chemiluminescent HRP 
substrates were also obtained from Amersham Life Sciences or from 
Pierce & Warriner (Chester, UK). Vectashield anti-bleach was from 
Vector Lab (Bretton, UK). 

Purified Enzymes 

CYP2E1 and P450 reductase were purified to homogeneity from 
livers of starved and acetone-treated male Sprague-Dawley rats in 
L^ffT °£ M - ^^an-Sundberg (Karolinska Institu- 
~\ btockhoIm ' Sweden) according to a published protocol (9) Puri- 
fied rat CYP3A (PCNb) was a gift from Prof. J. R Halpert (Univer- 
g ° fAri20na > Tucson » and was purified as described previously 

Sera 

Human sera were obtained from healthy individuals (25 sera) 
patients anesthetized with halothane on multiple occasions who did 
not develop hepatitis (six sera), patients with halothane hepatitis (20 
sera), patients with primary biliary cirrhosis (seven sera), or patients 
with other liver disorders [i.e., chronic autoimmune hepatitis (six 
sera), alcoholic liver disease (four sera), and chronic viral hepatitis C 
(seven sera)]. Rabbit anti-CF a CO adduct antiserum, which was pro- 
duced as described in detail elsewhere (11), has been shown to 
recognize specifically CF 3 CO-modified rat and human liver proteins 
m immunoblots and ELISA (5). 1 Polyclonal goat anti-human IgG/ 
HHP or anti-rabbit IgG/HRP conjugate was from Tago Immuno- 
<Serotech ' EdUn ^ UKX Polyclonal goat anti-rabbit 
igWr ITC conjugate was from Sigma. Polyclonal rabbit anti-CYP2El 
antoserum^aised against rat liver CYP2E1 (9) but also recognizing 
Wan CYP2E1 (12), was a gift from Magnus Ingelman-Sundberg 
(Sto^olm, Sweden). Antiserum to PDI was obtained from a rabbit 
that ha d been immunized with rat PDI, purified essentially as de- 
bribed previously (13). This antiserum was shown by immunoblot- 
tmg to recognize purified rat PDI (subunit molecular mass, 57 kDa) 
and to recognize a single 57-kDa polypeptide expressed in rat liver 
microsomes (results not shown). 

Animals 

Male Sprague-Dawley rats (200-250 g) were administered halo- 
thane (10 mmol/kg) in a single dose by intraperitoneal injection of a 
21 5% (v/v) solution in sesame oil. Control rats received sesame oil 
only After the indicated time intervals (see Fig. 4), rats were killed, 
and the livers were removed, homogenized, and subjected to differ- 
ential centrifugation to obtain isolated liver microsomes (5). 

Cell Cultures 

FGC4 rat hepatoma cells (14) were obtained from Dr. M Weiss 
2S2£? T"**^' u Pa ™' Prance) - ^ originated from a 

PGC4 cells (2 x l^/ml) were kept frozen at -70° in 1.5 ml of Ham's 
r 12 medium, including 25% (v/v) fetal bovine serum, 16% (v/v) dim- 
ethylsulfoxide, and 2% (v/v) PEST. Before each experiment, cells 
were quickly thawed at +37°, diluted into 15 ml of Ham's F12 
medium [including 5% (v/v) fetal bovine serum and 2% (v/v) PEST] 
and cultured in 75-cm 2 plastic flasks (Corning; Costar, Cambridge' 
MA, or Falcon; Becton & Dickinson, Parsippany, NJ) in humidified 
atmosphere with 5% C0 2 at 37*. Medium was renewed after 24 hr 
and every second day thereafter. Rat hepatoma Fao cells (15) orig- 
inating from the same H4IIEC3 done as FGC4, were obtained from 
wn? elman - Su * dber S and cultured under the same conditions as 
FGC4 cells. V79MZ Chinese hamster cells were provided by Prof. J 
Doehmer (Technische Universitat Mtlnchen. Munich, Germany). 
Hiese cells exhibited a stable expression of human CYP2E1 after 
transfection with an simian virus 40 early promoter-controlled ex- 
pression vector, which included human CYP2E1 cDNA (12) Both the 
transacted, CYP2El.expressing V79MZh2El cells and the non- 
transfected, parental V79MZ cells were cultured in Dulbecco's mod- 
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Fig. 1. Identification of CF 3 CO-modified CYP2E1 in livers of rats 
treated with halothane. Microsomes were prepared from pooled fivers 
of groups of four rats given an intraperitoneal dose of either halothane 
(10 mmol/kg) or sesame oil and killed after 3, 18, or 42 hr. A, Time- 
dependent formation of CF 3 CO adducts. Liver microsomal proteins, 
corresponding to 5 jxg/lane, were resolved by SDS-PAGE (8.5% gels) 
under reducing conditions, and immunoblots were developed using an 
anti-CF 3 C0 adduct rabbit antiserum, with final detection by peroxi- 
dase-generated chemiluminescence. B, IP of CYP2E1 . Rabbit IgG spe- 
cific for CYP2E1 or nonimmune IgG was cross-linked to protein 
A/Sepharose beads and used for precipitation of CYP2E1 from solubi- 
lized liver microsomes. Precipitates were subjected to SDS-PAGE (anti- 
2E1 beads and control beads, respectively), as were intact rat liver 
microsomes (m/c) and CYP2E1 was detected by immunoblotting. C, 
Detection of CF 3 COCYP2E1 formed in rat liver in vivo. CYP2E1 was 
immunoprecipitated from the various liver microsomes using the arrti- 
2E1 beads; then, immunopreciprtates were resolved by SDS-PAGE 
(10% gels), and immunoblots were probed using anti-CYP2E1 anti- 
serum (right) or antl-CF 3 CO adduct antiserum (left), as was a reference 
sample of liver microsomes from halothane-treated animal (m/c; 18 hr 
time point). Similar results were obtained in three separate experi- 
ments. 

ified Eagle's medium (4500 mg/liter glucose), including 10% fetal 
bovine serum and 2% PEST, but geneticin sulfate (G-418, 200 /ig/ml) 
was also included in the V79MZh2El cultures. 

Formation of CF 3 CO Adducts in FGC4 Cells 

Within 5 weeks after initial thawing and reseeding, FGC4 celts 
were challenged with imidazole (0.5 mM, 2 days) or chlormethiazole 
'20 /im, 2 days) and thereafter washed twice in PBS and incubated in 

resh medium for 60 min. Medium was exchanged once again, and 
flasks were closed air-tight with the use of silicone stoppers and 
parafilm. Halothane (5 /d of a 1:10 dilution in methanol) was injected 
through the stopper onto a strip of filter paper positioned inside the 
cell flask (16). This dose of halothane has been shown in a previous 
investigation to result in maximal generation of CF :i CO adducts in 
primary cultures of rat hepatocytes and has been estimated to give a 
final halothane concentration of -20 /iM in the culture medium (16). 
After the indicated incubation time (Figs. 4 and 5) at 37°, cells were 

vashed three times in cold PBS and scraped off the plastic into 



Eppendorff tubes. The cells were pelleted by low-speed centrifuga- 
tion and frozen in 100 fx\ of PBS at -20° before preparation of 
microsomes. 

Isolation of Microsomes 

Cell microsomes were isolated essentially as described previously 
(17) with minor modifications. The FGC4 samples (-5 x 10 6 cells) 
were thawed and sonicated in 1 ml of ice-cold 0.25 M sucrose, 1 mM 
EDTA, and 50 mM HEPES, pH 7.4. The homogenate was centrifuged 
at 10,000 x g for 10 min at +5°, and the resulting supernatant was 
ultracentrifuged at 109,000 x g for 60 min at +4° with a Beckman 
Optima TL ultracentrifuge with a TLA45 rotor (Beckman Instru- 
ments, Columbia, MD). Microsomal pellets were homogenized with a 
tight-fitting pestle in 200 fil of ice-cold centrifugation buffer. Protein 
concentration was determined according to the Lowry method using 
BSA as standard. 

SDS-PAGE and Immunoblotting 

Microsomal aliquots, corresponding to 150 /ig (FGC4 cells) or 15 
ptg (rat liver), were diluted to 75 til in water, mixed with 75 jd of SDS 
sample buffer [0.125 m Tris*HCl, ph 6.8, including 8% SDS (w/v), 20% 
glycerol (v/v), 0.002% bromphenol blue (w/v)] containing dithiotreitol 
(10 mg/ml), and boiled for 3 min. Thereafter, aliquots (specified in 
figure legends) were resolved by SDS-PAGE (using BioRad minigels 
with 8.5% or 10% acrylamide in the resolving gel) and transferred to 
nitrocellulose sheets. The sheets were incubated for 90 min at RT 
(20-25°) in blocking solution consisting of TBS, Tween 20 [0.05% 
(v/v)], fat-free dry milk [5% (w/v)], and fetal bovine serum [2% (v/v)]. 
Anti-CF 3 C0 protein antiserum was used at a 1:5000 dilution in 
blocking buffer and incubated for 3 hr or overnight at RT, after which 
blots were washed with 1% milk/TBS-Tween and incubated with 
goat anti-rabbit IgG/HRP conjugate at 1:5000 dilution in 1% milk/ 
TBS-Tween for 2 hr. Primary antibody incubations with anti- 
CYP2E1 antiserum were performed using a 1:5000 dilution in 1% 
milk/TBS-Tween for 90 min at RT, followed by a thorough wash in 
TBS-Tween and incubation at RT for 90 min with protein A-HRP 
(1:3000) in 1% milk/TBS-Tween. Thereafter, sheets were washed 
again in TBS-Tween, and antibody reactivity was visualized using 
enhanced chemiluminescence HRP substrates and Hyperfilm (Am- 
ersham Life Sciences). The intensity of immunoblot signals was 
determined using a Molecular Dynamics scanner (Sunnyvale, CA) 
and ImageQuant software. The apparent molecular masses of pro- 
tein adducts were estimated by comparison of their electrophoretic 
mobilities with those of molecular mass standards. 

EL1SA 

Aliquots of PBS (96 /il) were added to wells of polystyrene micro- 
titer plates (Immulon 4; Dynatech Lab, Billinghurst, UK). Subse- 
quently, 5-/xl aliquots of purified rat CYP2E1, which previously had 
been diluted to a final concentration of 1.8 pmol of CYP2E1/5 jx! in 
0.2% (w/v) sodium cholate, 50 mM HEPES, pH 7.4, were added to the 
wells (yielding a final protein concentration of —1 jig/ml). Control 
wells received the same volumes of PBS and cholate dilutent buffer. 
Plates were incubated for 16 hr at +5°; then wells were washed four 
times in washing buffer (TBS, casein (0.5% (w/v), 0.02% (w/v) thirner- 
osall using a Titertek SA/12 Microplate washer (Flow Lab, ICN 
Biomedical, Thame, UK) at RT. Human sera (100 ul, diluted 1:100 in 
washing buffer) were added to the wells and plates were incubated 
for 3 hr at +4°. After another wash step, 100 jtl of anti-human 
IgG/HRP conjugate (dilution 1:1000 or 1:3000 in washing buffer) was 
added to the wells, and plates were incubated for 2 hr at +4°. After 
a final wash (four times with washing buffer, then twice with TBS 
alone), bound HRP activity was determined by reaction with o- 
phenylenediamine (7) and determinations of ubsorbanee at 490 nm 
(performed using a Titertek Multiskan Plus Mkll Plate Reader; Flow 
Lab). The same protocol was used in ELISA studies of antibody 
binding to rat CYP3A and purified P450 reductase. 
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Immunofluorescence 

FGC4 cells were reseeded in 3 ml of complete F12 medium (de- 
scribed above) in Slide-Flasks (Nunc, Roskilde, Denmark) and grown 
to 40-50% confluency. The medium was replaced, and FGC4 cells 
were incubated with or without halothane, as described above. The 
cells were washed (2 x 5 min) in PBS and fixed in 2.5 ml of 5% (v/v) 
formaldehyde in PBS for 25 min at RT. After another wash in PBS, 
cells were treated by slow shaking for 20 min at RT in PBS, with or 
without QJ2% (v/v) Triton X-100, and then incubated without shaking 
for 15 hr at +5° with 10% (v/v) FBS in PBS. Subsequently, the 
Slide-Flasks were washed briefly in PBS and incubated (gentle shak- 
ing) for 3 hr at RT with 1 ml of primary antibody solution [either 
anti-CYP2El antiserum, diluted 1:2000 in 3% <w/v) BSA in PBS, or 
no n i mm un e rabbit antiserum or anti-CF 3 CO adduct antiserum, di- 
luted 1:400 in 1% (w/v) BSA in PBS1 Cell specimens were then 
washed in 3 ml of 3% (w/v) BSA (3 x 10 min) and incubated with goat 
anti-rabbit IgG/FITC conjugate [diluted 1:200 in 0.8 ml of 3% (w/v) 
BSA in PBS] for L5 hr at RT. Finally, specimens were washed in 
BSA/PBS (3 X 10 min) and once in H 2 0, before being mounted in 
Vectashield anti-bleach under a glass coverslip. The specimens were 
analyzed by immunofluorescence microscopy using a Zeiss Axioakop 
and photographed using a Nikon UFX-DX camera, with the same 
exposure time for all samples. The same immunofluorescence proto- 
col was used for V79 cells. Confocal microscopy was performed using 
a BioRad MRC600 with a krypton/argon laser, 

IP of CYP2E1 from Liver Microsomes 

Coupling of IgG to insoluble beads. Protein A/Sepharose 
CL-4B beads (80 mg) were equilibrated in 1 ml of IP buffer [0.15 M 
NaCl, 0.2% (v/v) Nonidet P-40, 1 mM EDTA, 50 mM HEPES, pH 7.4], 
including 2% (w/v) BSA, to yield a 20% (v/v) suspension. This was 
incubated with 4 mg of anti-CYP2El IgG (9) or 200 /d of nonimmune 
rabbit serum by shaking on ice for 2 hr. Beads were pelleted and 
washed once in IP buffer/BSA and twice in PBS and then incubated 
with i.5 ml of dithio-bis(propiomc-iV-hyd>oxysuccinimide ester (1 
mM in PBS) for 45 min during shaking on ice. Beads were washed 
three times with glycine (2 mM) in PBS and stored in this buffer at 
+5°. 



IP of CTP2EL, liver microsomes (300 jtg) were solubiUxed in 1 ml 
of ice-cold IP buffer induding 0.5% (w/v) BSA, 1% (w/v) deoxycholate, 
1 mM PMSF, and 1 mM iodoacetamide and then incubated with 75 /d 
of a 10% (v/v) suspension of IgG beads for 2.5 hr on ice, with contin- 
uous shaking. The beads were pelleted by centrifugation and washed 
three times in aohibilization buffer and then three times in IP buffer. 
Beads were boiled for 15 min in 100 fjl of SDS sample buffer without 
DTT and then analyzed by SDS-PAGE and irnmunoblotting. Sample 
loading was 10 /d/well, and immunoblotting was performed using 
either anti-CYP2El or anti-CFaOO adduct antiserum. 

IP of CYP2E1 from Hepatoma Cells 

Bfotinylation of IgG. Anti-CYP2E1 IgG (2.5 mg) was biotinyl- 
ated in 2.5 ml of sodium bicarbonate buffer (40 mM, pH 8.6) using 60 

of biotinylation reagent from Amersham life Sciences, according 
to the manufacturer's recommendation. The biotinylated IgG was 
separated from free hiotin on a Sephadex G-25 column, resulting in 
an approximate protein concentration of 0.8 mg/ml in PBS. 

Precipitation of CYP2E1. Fao ceUs were grown to 90% conflu- 
ency under the conditions described above for FGC4 cells and then 
washed in PBS at RT (3 X 5 ml) and cooled to +5° in 10 ml of PBS 
containing 5% (v/v) FBS. This buffer was replaced with a further 10 
ml of FBS in PBS, with or without digitonin (50 /xg/ml). Biotinylated 
anti-CYP2El IgG was added (approximate concentration, 4 or 16 
Mg/ml), and incubation was conducted for 75 min at +5", with very 
gentle agitation Cell integrity, or permeabihzation of cells in the 
presence of digitonin, was verified in separate flasks by investigation 
of trypan blue uptake. Essentially all of digitonin-treated cells 
(>99%) took up trypan blue, compared with <0.6% of cells incubated 
in PBS. The antibody solution was then discarded, and cells were 
washed once in 10 ml of PBS containing 10% (v/v) FBS, once in 20 ml 
of PBS supplemented with 5% FBS, and once in 20 ml of PBS. Cells 
were lysed by shaking on ice for 15 min in 2.5 ml of 1% Nonidet P-40, 
0.15 m NaCl, 50 mM Tris, pH 7.8, including 1 mM EDTA, 1 mM PMSF, 
and I mM iodoacetamide. The lysate was further disrupted by vortex 
mixing, incubation on ice for 20 min, and then centrifugation at 
2500 X g for 5 min. The supernatant was incubated on ice for 2 hr 
with streptavidin-agarose (60-/U beads, pre-equilibrated in lysis 
buffer), and then CYP2E1 bound to biotinylated IgG was pelleted by 
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centrifugation. The agarose pellet was washed in lysis buffer (3X1 
ml) and once in PBS before boiling in SDS sample buffer (60 jtl), 
without DTT, for 5 min. Aliquots (20 /d of each sample) were sub- 
jected to SDS-PAGE and immunoblotted with anti-CYP2El anti- 
serum. 

Results 

Identification of CF 3 CO-modified CYP2E1 in livers 
of halothane- treated rats. Liver microsomes were isolated 
from rats killed at 3, 18, or 42 hr after an in vivo dose of 
halothane (10 mmol/kg, in sesame oil) and from rats killed at 
the same time intervals after administration of the vehicle 
alone. Initially, formation of microsomal CF 3 CO adducts was 
evaluated by immunoblotting, using a specific anti-CF 3 CO 
adduct rabbit antiserum. Although only a very low of expres- 
sion of two adducts (55 and 60 kDa) was evident at 3 hr after 
administration of halothane (Fig. 1A), much higher levels of 
many different CF 3 CO adducts were detected after 18 hr and 
after 42 hr (Fig. 1A). Subsequently, IP experiments were 
undertaken using anti-CYP2El IgG antibodies coupled to 
insoluble beads (see Materials and Methods) to investigate 
expression of CT 3 CX)-modifIed CYP2E1. This procedure re- 
sulted in efficient precipitation of CYP2E1 from detergent- 
solubilized microsomes (Fig. IB). Analyses of the immuno- 
preeipitates by immunoblotting with anti-CF 3 CO adduct 
serum revealed the presence of CF 3 C0-modified CYP2E1 in 
livers of halothane-dosed rats but not in livers of control rats 
(Fig. 1C, left). Expression of CF 3 C0-CYP2E1 could be de- 
tected in livers at 3 hr after halothane and was maximal at 18 
hr (Fig. 1C). In contrast to the expression of the majority of 
other CF 3 CO adducts (Fig. 1A), no CF 3 COCYP2El was de- 
tectable after 42 hr. No significant differences between the 
expression of CYP2E1 apoprotein in the liver microsomes 
from halothane-treated and control rats were noted (fig. 1C, 
right). 

Autoantibodies to CYP2E1 in sera of patients with 
halothane hepatitis. The finding that CYP2E1 was modi- 
fled by reactive metabolites of halothane raised the possibil- 
ity that the protein could evoke an immune response in 
halothane hepatitis. To investigate this, purified rat CYP2E1 
was used as test antigen in ELISA studies. Only low levels of 
antibody binding were detected using a control group of 25 
sera from healthy blood donors (Fig. 2A). In contrast, levels of 




Fig. 3. Regulation of expression of CYP2E1 in FGC4 rat hepatoma 
cells. FGC4 cells were grown in the absence or presence of imidazole 
{imz) or chlormethiazole (c/nz) for 2 days. Cells were harvested and 
microsomal CYP2E1 levels were analyzed by SOS-PAGE and immu- 
noblotting with anti-CYP2E1 antiserum (loading 15 /ig of microsomal 
protein/well), con, control. 
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fig. 4. Formation of microsomal CF 3 CO adducts in FGC4 cells. A, Cell 
cultures were pr eheate d with or without imidazole, washed, and incu- 
bated with or without halothane. Some cells were preincubated for 1 hr 
with DAS (1 rriM) before the addition of halothane. After 4 or 22 hr f cells 
were harvested in PBS, and formation of microsomal CF 3 CO-protein 
adducts was detected by SDS-PAGE (10% gel, 40 /ig of microsomal 
protein/well) and immunoblotting with anti-CF 3 CO adduct antiserum. 
B, Formation of CF 3 C0 adducts In FGC4 cells pretreated with or 
without imidazole or chlormethiazole and then incubated with halo- 
thane for 22 hr. Microsomal proteins were resolved using an 8.5% gel 
and then developed as described above. The results were replicated 
two or three times. 

antibody binding that exceeded the normal range (denned as 
the mean plus three standard deviations of the values ob- 
tained for the healthy blood donors) were detected in 14 of 20 
(70%) sera from patients with halothane hepatitis (Fig. 2A, 
Hal hep). Testing of six sera from patients who had received 
multiple halothane anesthesia without sustaining liver in- 
jury revealed, that fcur^were negative for CYP2E1, whereas 
two gave results that were very slightly above the normal 
range (Fig. 2A, Hal O. Negative results were also obtained 
with 16 of 18 sera from patients with various liver diseases 
unrelated to halothane (chronic autoimmune hepatitis, viral 
hepatitis, and alcoholic hepatitis), whereas two were found 
very weakly positive (Fig. 2A, LDC). A low anti-CYP2El 
reactivity could be detected in four of seven sera from pa- 
tients with primary biliary cirrhosis (Fig. 2A, PBO. How- 
ever, it is notable that the levels of antibody binding to 
CYP2E1 were markedly higher for 9 of the 20 sera from 
patients with halothane hepatitis than for any of the various 
control sera (Fig. 2A). Further ELISA studies, undertaken 
using 10 of the sera from patients with halothane hepatitis 
that contained elevated levels of antibodies to CYP2E1, re- 
vealed that the sera did not contain antibodies to purified rat 
CYP3A (Fig. 2B) or purified rat NADPH-dependent P450 
reductase (data not shown). 

Expression of CYP2E1 and CF 3 CO adducts in FGC4 
cells* The highly differentiated FGC4 rat hepatoma cell line 
(14) was used as a model system to study the expression of 
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°]? 2 ? 1 ^ relation to **** intracellular formation of CF„CO 
adducts. The basal level of CYP2E1 expression in FGC4 
hepatoma cells was estimated, by immunoblotting, to be 
-1-2 pmol/rag of microsomal protein. Treatment of -cell cul- 
tures with the CYP2El-stabilizer imidazole [0.6 mM, (17)1 for 
T*** ° 3 - fold mcrease ^ CYP2E1 expression (293 ± 
126% of untreated control cells, three experiments). In con- 
trast, the expression of CYP2E1 decreased to 25 ±3% (three 
SFS^ ^ 2 ^ i° presence of chlormethiazole 
(20 /iM) (Fig. 3). As shown in Fig. 1A, CF 3 CO-modified mi- 
crosomal proteins were formed when FGC4 cells were pre- 
texted with or without imidazole or chlormethiazole and 
thereafter incubated with halothane for 4 or 22 hr at 37" 
Formation of the adducts was more rapid and extensive after 
pretreatanent of the cells with imidazole. In these cells, only 
two distinct adducts (56 and 60 kDa) were detectable after 4 
hr, whereasmany other adducts had been formed after 22 hr 

Sl^Vi „w di !l 0n °t CYP2El - eelert ive inhibitor 
DAS (18) (1 mM) to the cen cultures completely blocked ad- 
duct formation (Fig. 4A), as did pretreatment of cells with 
chlormethiazole (Fig. 4B). 
The i si^enular locations of CF 3 CO adducts and 

™ -J 00 !?" 8 - Studies m ^ch expression of 
OF a CO adducts in halothane-treated FGC4 cells was inves- 
ta^ted by indirect immunofluorescence, using the anti- 
J 3 ?°* d . du f t antiserum, revealed no significant expression 
of adducts after 4 hr (Fig. 5A), whereas intense immunoflu- 

"^•T.-T? f? dent ^ 22 (Kg- SB). The fluorescence 
was distributed in a granular pattern throughout the cyto- 
plasm in permeabihzed cells, whereas no reactivity was seen 
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v^hh»io7h. , halothane (permeabilized cells). 100X- E 22 hr 



in the area corresponding to the cell nuclei (Fig. 5, B and E) 
which was easily identified in phase-contrast microscopy 
(data not shown). A very similar picture was seen when 
specimens were probed for the expression of PDI, an abun- 
dant ER enzyme (Fig. 6D). However, studies of adduct ex- 
pression in intact cells resulted in detection of a more diffuse 
immunofluorescence, which was concentrated at the edges of 

tLf^' °, Fl ™ 8 ""W* to the pSem 
expected for the plasma membrane (18a). Essentially no flu- 
orines was detected in cells incubated without halothane 
(tog. 5D) or m cells developed using preimmune serum (data 
not shown). 

Investigations of the cellular distribution of CYP2E1 
which were undertaken using the anti-CYP2El antiserum' 
yielded a very similar pattern of results. In these studies' 
ceUs were visualised by conventional fluorescence microscopy 
^ x I, " €) 8130 bv coafocal microscopy (Fig. 6, D and 
E) In the permeabilized cells, immunofluorescence was dis- 
tributed in a granular pattern all throughout the cytoplasm, 
whereas no fluorescence was detected in the cell nuclei (Fig 
IT * ?" Immunoreacti vity was also detected to a minor 
extent on the surface of nonpermeabilized cells (Fig. 6, C and 
. No mgnificant fluorescence was detected in cell samples 
incubated without the anti-C¥P2El antiserum (Fig 6A) 

"Hie subcellular location of human CYP2E1 in trans- 
SIT^^ f a «»trol for the specificity of the 
ann-UYratt antibody reaction and to investigate whether 
human CYP2E1 is expressed on the cell surface, experiments 
were performed using V79 Chinese hamster fibroblast cells 
transfected with human CxT2El-cDNA, which stably ex- 
presshuman CYP2E1 (12). Immunofluorescence analysis of 
*e transfected V79 cells after membrane permeabiliLtion 
by detergent revealed that human CYP2E1 was distributed 
in a pattern corresponding to the ER (Fig. 7A). Immunoflu- 
orescence was also detected along the edges of cells without 
pretoeatment with detergent (Fig. 7B). No signal was de- 
tected when nontransfected, parental V79 cells were perme- 
abilized and incubated with the anti-CYP2El serum (Fig 
7C) or when immunofluorescence studies of either parental 
or transfected V79 cells were performed using nonimmune 
serum (data not shown). 

Identification of intact CYP2E1 apoprotein on the 
surface of Fao cells. IP studies were undertaken to eval- 
uate whether the anti-CYP2El reactivity evident on the 
surface of cultured cells corresponded to intact CYP2E1 or 
proteolytic fragments of the protein. Cultures of an FGC4- 

rTOF^^™ (15) ' Which has a «P«s«on of 

CYP2E1 than FGC4 ceUs, were incubated with biotinyl- 
ated I anti-CYP2El IgG. Incubations were performed using 
intact cells and cells that had been permeabilized using 
digitonin. Subsequently, cells were washed extensively 
and lysed with detergent; then, the biotinylated IgG was 
precipitated using streptavidin-agarose beads. The precip- 
itates were subjected to SDS-PAGE and immunoblotted 
i S, ?!u an ££ YP2El antise ™»- This procedure showed 
that the CYP2E1 immunoprecipitated from the surface of 
nonpermeabilized cells exhibited an identical electro- 
phoretic mobility to the intact CYP2E1 apoprotein immu- 
noprecipitated from digitonin-permeabiUzed cells (Fig 8) 
H urthermore, it was evident that only a very small fraction 
of the total cellular contents of CYP2E1 was expressed 
on the surface. Control experiments confirmed that no 
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CYP2E1 was precipitated when solubilized rat liver micro- 
somes were incubated with streptavidin-agarose in the 
absence of anti-CYP2El antibodies (data not shown). 

Discussion 

Identification of CF a CO-modified CYP2E1. The IP 

studies of liver microsomes revealed that CF 3 C0 modifica- 
tion of CYP2E1 occurs relatively rapidly (within 3 hr) after 
intraperitoneal administration of a single dose of halothane 
to rats (Kg. 1C). The relatively rapid appearance of CF 3 C(>- 
CYP2E1, compared with other CF 3 C0 adducts, is consistent 
with the demonstration that CYP2E1 is a major catalyst of 
protein trifluroacetylation in vitro in rat and human liver 
microsomes 1 and in vivo in the rat (8). Furthermore, in agree- 
ment with previous studies (8), a 55-kDa adduct that most 
probably corresponds to CF 3 CO-CYP2El was one of only two 
modified proteins detected at the 3-hr time point (Fig. 1A). It 
should also be noted that high levels of 55-kDa CF 3 CO ad- 
ducts have been detected after incubation of both rat and 
human liver microsomes with halothane in vitro (5, 6). x 

It is unclear why significantly higher levels of CF 3 CO 
CYP2E1 were detected at 18 hr after administration of halo- 
thane than after 3 hr (Fig. 1C). One possible explanation is 
concentration-dependent inhibition of P450-dependent bioac- 
tivation of halothane at the early time point (16, 19). 1 Cova- 
lent modification of CYP2E1, either by cAMP-dependent 
phosphorylation (20) or by heme alkylation caused by reac- 
tive metabolites of carbon tetrachloride (21), has been shown 
to result in denaturation of the enzyme and subsequent rapid 
degradation. Presumably, this explains why in contrast to 
the many other CF 3 CO adducts detectable after 18 hr, 
CF 3 CO-modified CYP2E1 was not detectable at 42 hr (Fig. 
1C). 

CYP2E1 as an autoantigen in halothane hepatitis. 

Markedly elevated levels of antibodies that recognized rat 
liver CYP2E1 were detected in a high proportion (70%) of the 
sera from patients with halothane hepatitis, whereas only 
low levels of such antibodies were present in a range of 
control sera (Fig. 2). It is conceivable that a higher number of 



Fig. 6. Subcellular location of rat 
CYP2E1 in FGC4 cells. FGC4 cells 
were grown to 60-70% confiuency tn 
Slide-Flasks. Thereafter, cells were 
fixed in formaldehyde and either per- 
meabilized by detergent or left intact, 
as described in Materials and Meth- 
ods, and then incubated with anti- 
CYP2E1 antiserum (diluted 12000) or 
anti-PDl antiserum (1 2000) and, finally, 
FTC-coupled goat anti-rabbit IgG. The 
results on CYP2E1 distribution have 
been replicated at least five times, 
whereas the PDI control was per- 
formed twice. A, FTTOgoat anti-rabbit 
IgG only (permeabilized ceils), 1O0X 
magnification; B, anti-CYP2E1 anti- 
serum (permeabilized cells), 100x; C, 
anti-CYP2E1 antiserum (non permeabi- 
lized ceBs), 100X; D, antl-PDI anti- 
serum (permeabilized ceils), 63 X; E. 
confocal microscopy, anthCYP2E1 
(permeabiflzed cells), 40 x ; and F, con- 
focal microscopy, anti-CYP2E1 (non- 
permeabifized cells), 40 x. 



patient sera might recognize the human form of CYP2E1. By 
analogy, antibodies that recognized a purified rat liver mi- 
crosomal carboxylesterase were detected by ELISA in only 2 
of 10 sera from, patients with halothane hepatitis (20%) (22), 
whereas the corresponding human enzyme, which exhibited 
77% amino acid sequence identity, was recognized by 17 of 20 
sera (85%) (23). Rat and human CYP2E1 are 78% homo- 
iogues at the amino acid level (24), and the substrate speci- 
ficities of the two forms are highly similar. However, a few 
minor structural differences do exist, mainly distributed on 
surface of the CYP2E1 molecule, as predicted by comparison 
with the known three-dimensional structure of bacterial 
CYP102 (24a). For example, it is possible that surface-located 
Asp92, Asp96, Pro259, and Pro262, all present only in the 
human enzyme, represent part of epitopes to which autoan- 
tibody binding could be reduced in ELISA assays with the rat 
CYP2E1 enzyme. 

Sera from patients with halothane hepatitis have been 
shown to contain elevated levels of antibodies to numerous 
hepatic protein antigens other than CYP2E1 and microsomal 
carboxylesterase. These include protein disulfide isomer ase 
(57 kDa), a 58-kDa protein of unknown function; calreticulin 
(63 kDa); ERp72 (80 kDa); and the stress proteins BiP/ 
GRP78 (82 kDa) and endoplasmin/GRP94 (100 kDa) (re- 
viewed in Refs. 1 and 22). Initially, immunoblotting studies 
revealed that the the antibodies of patients recognized 
unique CF 3 CO-modified epitopes expressed on the adduct- 
modified forms of the proteins (5). However, ELISA studies 
undertaken using purified non-CF 3 CO-modified forms of sev- 
eral of the proteins subsequently showed that the predomi- 
nant antibody responses detectable in the sera of patients are 
directed against non-CF 3 CO-modified epitopes, which pre- 
sumably are conformational because they are not detectable 
by immunoblotting (1, 13, 22). It is probable that the anti- 
body response to unmodified epitopes arises because CF 3 C0 
adduct formation causes a specific loss of immunological tol- 
erance and that a similar adduct-induced loss of immunolog- 
ical tolerance underlies the anti-CYP2El autoantibody re- 
sponse demonstrated in the present investigation. A 
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anti-CYP2El IgG 
16 fig/ml 4 Jig/mi 



and then ^n^JIw anti-CYP2E1 antiserum and anti-rabbit IgG/FITG, 
^P," ^^|by immunofluorescence microscopy. A Human 

lizedl imT^o E1 -«DNA-«ransfected V79 cells (nonpermeaW- 
100x ' ^ c - P^tal v79 cells (permeabirized), 10o5T 

nonspeciiic loss of immunological tolerance toward hepatic 
protems seems unlikely because significant autoreactivitv 
against another P450 (CYP3A) (Fig. 2) or against NADPH- 
dependent P450 reductase was not detected 

spedfic loss of tolerance toward native CYP2E1 as a 
consequence of CF 8 C0.CYP2Ei adduct formation^ouW be 

T naTlv^ ^ 0ther eXampleS of Educed hepati 
Us namely, hepatitis caused by tienilicacid and by dihy- 
dralazme. In both cases, P450 isozyme-specific metabolism of 
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Die PBS Dig PBS 

^ v ' 

hepatoma cells ink 

R» _8. IP of CYP2E1 from the surface of Fao hepatoma cells. Fa, 
^^^'^tures were permeabifeed by diXnT^Hr ^ 
tSrt ^ "* !P cubated * +5* with Mediated amK;«rP2E? 
IgG to the presence of bovine serum. Thereafter, cen aittures wem 

^ a £S^j2 ,t0rS -J!', e ^f at9 was 'ncubated wim streptavidm- 
S^k? Palpitated by centrifugation and thoroughly 
washed In lysis buffer. Streotavidin-adsorbed moteins were etutedt« 
boifing In SOS sample buffer, resolved by SD^PAgI a^irmnmo^ 

Sfn^J^ 2 ^) was abo included In the electrophoreS. lZ 
S S^"^ du tficate precipitations from ea^cSttuSSa? 
results were obtained in two independent experiments. 

the causative agent to reactive metabolites that bind co- 
valently to the same P450s was demonstrated, as was the 
presence in the sera of patients of autoantibodies that recoe- 
nized the relevant P450a (CYP2C9 and CYP1A2) (25 26) 
i-urtnermore, it was reported that anti-CYPaA antibodies 
are expressed in sera of patients who develop hypersensitiv- 
ity reactions to carbamazepine, a CYP3A substrate (27). 
Overall, these findings prompted the speculation that auto- 
Mnmune responses to P460s could be a common process un- 
derlying many allergic drug reactions. Clearly, the present 
findings are consistent with this hypothesis. 

CYP2E1 is the first example of an integral membrane 
proton that has been shown to be recognized by antibodies 
trom patients with halothane hepatitis. The other protein 
antigens identified to date are believed to be concentrated in 
the lumen of the endoplasmic reticulum and are either solu- 
ble or peripheral membrane proteins (6). A group of halo- 
tnane-mduced liver antigens was described recently that is 
recognized by antibodies from patients with halothane hep- 
atitis m a conformation-dependent manner (7). It seems 
likely that a part of this group of microsomal neoantigens 

cf Jac^SctT embrane proteiD8 (7) ' 

!Hv m °?? 1 Systema for investigation of expression of 
CF 8 CO addncts. Cultured FGC4 rat hepatoma cells pro- 
vided a very useful model system for investigation of forma- 
faon and trafficking of CF 8 C0 adducts. The FGC4 cell is 
highly differentiated and constitutively expresses liver-spe- 
cific protems, including albumin, phosphoenolpyruvate car- 
bojrytanase. alcohol dehydrogenase, and the P460 isozymes 
CYP2B (14) and CYP2E1 (28). Regulation of CYP2E1 expres- 
sion in these cells shows several similarities with primary 
nepatocytes and with regulatory mechanisms operative in 
vivo Thus, the cellular level of CYP2E1 is increased by 
imidazole (Fig. 3) and by ethanol (28), which is most probably 
ecplained by a specific Iigand-dependent stabilization of the 
UYP2E1 holoenzyme (17). Chlormethiazole has been recog- 
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nized previously as a specific inhibitor of CYP2E1 expression 
in vivo during starvation of rats (29) t and run-off analysis 
with isolated nuclei from livers of starved rats indicated that 
this effect was mediated at the level of transcription of the 
CYP2E1 gene (29). The results presented here (Pig. 3) con- 
firm that chlormethiazole is acting directly on the liver cell 
and that starvation is not a prerequisite for its inhibitory 
action on CYP2E1 expression. 

The pattern of adducts formed in vitro in the FGC4 cells 
was very similar to that detected in vivo in livers of halo- 
thane-treated rats. In particular, the preferential targets for 
CF 3 CO-modification in FGC4 cells and in vivo seemed to he 
the same at early time points after halothane administration 
[i.e., 55- and 60-kDa proteins (compare Fig. 4A and Fig. 1A)1 
Furthermore, because imidazole pretreatxnent of cells en- 
hanced adduct formation, whereas chlormethiazole dramat- 
ically inhibited adduct formation (Big. 4, A and B), it seems 
clear that adduct formation was dependent on the level of 
CYP2E1. Furthermore, an almost-complete block of adduct 
formation was mediated by DAS, a specific inhibitor of 
CYP2E1 catalysis (18), Although it cannot be excluded that 
some of this inhibition is due to a direct reaction between 
DAS and the reactive halothane metabolites, CYP2El-de- 
pendent generation of CF 3 CO adducts in FGC4 cells is con- 
sistent with the recent finding that CF 3 CO adduct formation 
in vitro, in isolated rat and human liver microsomes, corre- 
lated with the microsomal content and activity of CYP2E1. 1 
It is also consistent with earlier studies of adduct formation 
in vivo in livers of rats treated with halothane after pretreat- 
ment with various P450 isozyme-selective inducers (8). 

Expression of CF 3 CO adducts and CYP2E1 on the 
cell surface. Clearly, the vast majority of CF 3 C0 adducts 
and CYP2E1 were expressed intracellularly, in a morpholog- 
ical pattern corresponding to the ER (Fig, 5). This is consis- 
tent with the known organellas location of P450s (30), with 
biochemical studies that have shown that CF 3 C0 adducts are 
concentrated in microsomal fractions prepared from rabbit 
and rat liver (4, 6) and with the finding that the major 
CF 3 CO adducts are modified forms of proteins believed to 
reside in the lumen of the ER (6). In addition, a small but 
significant fraction of both total cellular CF 3 C0 adducts and 
CYP2E1 were detected on the cell surface. 

Earlier investigations of cell surface expression of these 
molecules were undertaken using cells isolated by mechani- 
cal disruption or collagenase digestion of livers. These have 
yielded conflicting results, which could have been affected by 
cell surface modification, due either to proteolysis or to in- 
corporation of intracellular debris released from damaged 
cells. Immunofluorescence studies have suggested that anti- 
bodies from patients with halothane hepatitis recognize neo- 
antigens expressed on the surface of hepatocytes isolated 
from livers of halothane-treated rabbits (2), whereas studies 
performed using anti-CF 3 C0 adduct antisera have indicated 
that such adducts are expressed on hepatocytes from rats 
treated with halothane in vivo (11) and on the surface of 
isolated human hepatocytes that were exposed to halothane 
in vitro (31). Similarly, CYP2E1, other P450 isozymes, and 
P450 reductase were found on the surface of hepatocytes 
isolated from rat and human liver (18a, 33). However, no 
expression of hepatocyte surface-located CF 3 CO adducts 
were detected when hepatocytes isolated from livers of halo- 
thane-treated mice were analyzed by fluorescence activated 



flow cytometry (35). Furthermore, no CYP2B or CYP2D could 
be detected on the cell surface using electron microscopy (30, 
36). 

The investigations of the cellular location of CYP2E1 ad- 
dressed two further important issues. First, studies of trans- 
fected and untransfected V79 cells (Fig. 7) verified that the 
cell surface immunoreactivity recognized by the anti- 
CYP2E1 antiserum was attributable to CYP2E1 and indi- 
cated that the cell surface form of the protein originates from 
the wild-type human CYP2E1 mRNA, and not a splicing 
variant. Second, the IP studies (Fig. 8) revealed that the cell 
surface immunoreactivity was due to the presence of intact 
CYP2E1 apoprotein, and not to any detectable proteolytic 
fragments. Although quantitative interpretations of the IP 
data should be made with great caution, the results suggest 
that maximally a small percentage, probably less, of the 
cellular contents of CYP2E1 can become expressed on the 
surface of the hepatoma cells studied. This implies that al- 
though there is an uncharacterized mechanism of efficient 
retention of P450 in the ER, leakage of P450 molecules into 
the secretory pathway (34) can occur. Furthermore, some 
epitopes of CYP2E1 must be oriented extracellularly to be 
recognized by antibodies on the surface- of intact cells. It is 
interesting to note that this is inconsistent with the current 
models of the membrane topology of P450s in the ER, which 
predict that very little of the molecule is exposed on the 
luminal side of the lipid bilayer (37). 

The role of CYP2E1 in halothane hepatitis. Our re- 
sults suggest that CYP2E1 could play a dual role in halo- 
thane hepatitis: first, as a major catalyst of formation of 
CF s CO-protein adducts, which elicit immune responses in 
susceptible patients, 1 and, second, as a cell surface target 
antigen that is recognized by the antibodies of patients and 
potentially by other immune effector mechanisms. CYP2E1 
could be an especially important target antigen because it is 
an integral membrane protein that will be bound tightly to 
the cell surface. In contrast, the other CF 3 CO adducts iden- 
tified to date are soluble or peripheral membrane proteins 
that if exported from the lumen of the ER to the cell surface, 
could well be poorly retained and/or released from the cell. 
CYP2E1 is an abundant and inducible hepatic enzyme that 
has been shown to bioactivate many xenobiotics other than 
halothane (including various other volatile anesthetics and 
structurally related compounds) (38). In the future, it may 
prove to also be involved in allergic reactions to other com- 
pounds. 
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Summary 

Background Autoimmune polyendocrine syndrome type i 
(APS1) is an autosomal recessive disorder with both 
endocrine and non-endocrine features. Periodic 
gastrointestinal dysfunction occurs in 25-30% of APS1 
patients. We aimed to identify an intestinal autoantigen. 

Methods A human duodenal cDNA library was 
immunoscreened with serum samples from APS1 patients. 
A positive clone was identified and used for 
in-vKro transcription and translation, followed by 
immunoprecipitation with serum samples from 80 APS1 
patients from Norway, Finland, and Sweden. Sections of 
normal and APSl-affected small intestine were 
immunostatned with serum from APS1 patients and specific 
antibodies. An enzyme-inhibition assay was used to 
characterise the autoantibodies. 

Findings We isolated a cDNA clone coding for tryptophan 
hydroxylase. 48% (38/80) of APS1 patients had antibodies 
to tryptophan hydroxylase, whereas no reactivity to this 
antigen was detected in patients with other autoimmune 
diseases (n=372) or healthy blood donors (n=70). 
89% (17/19) of APS1 patients with gastrointestinal 
dysfunction were positive for antibodies to tryptophan 
hydroxylase, compared with 34% (21/61) of patients with 
no gastrointestinal dysfunction (p<00001). Serum from 
antibody-positive APSi patients specifically immunostained 
tryptophan-hydroxylase^ontaining enterochromaffin cells in 
normal duodenal mucosa. No serotonin-containing cells 
were seen in duodenal biopsy samples from APSI patients. 
Serum from antibody-positive APSI patients almost 
completely inhibited activity of tryptophan hydroxylase. 

Interpretation Tryptophan hydroxylase is an endogenous 
intestinal autoantigen in APSl, and there is an association 
between antibodies to the antigen and gastrointestinal 
dysfunction. Analysis of antibodies to tryptophan 
hydroxylase may be a valuable diagnostic tool to predict 
and monitor gastrointestinal dysfunction in APSI. 

Lancet 1998; 352: 279-83 
See Commentary page 255 
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Introduction 

Autoimmune polyendocrine syndrome type 1 (APSI; 
otherwise known as autoimmune polyendocrinopathy, 
candidosis, ectodermal dystrophy) is a monogenic, 
autosomal, recessively inherited disorder. The gene that 
causes this disorder, autoimmune regulator (AIRE) 3 has 
been identified. 1 * 1 A diagnosis of APSI requires two 
of the following features: mucocutaneous candidosis, 
adrenocortical insufficiency, and hypoparathyroidism. 5 
Other common features are failure of gonad functions 
chronic active hepatitis, alopecia, vitiligo, insulin- 
dependent diabetes mellitus, and gastrointestinal 
dysfunction. 4 Autoantibodies to tissue-specific key 
enzymes are common in APSI . M0 

The intestinal dysfunction that affects 25-30% of APSI 
patients is characterised by periodic, therapy-resistant 
steatorrhoea, watery diarrhoea, or constipation. These 
gastrointestinal disorders interfere with the 
pharmacological treatment of other elements of APSI. 
The links between the gastrointestinal symptoms and the 
other elements of APSI are unclear, except that 
hypocalcaemia is known to exacerbate diarrhoea." There 
is no consistent evidence that dysfunction of the exocrine 
pancreas" or intestinal lymphangiectasis" is the cause of 
the intestinal dysfunction. Organ-specific autoantibodies 
against many organs have been identified in APSl 
patients. We aimed to identify an intestinal autoantigen 
that could be correlated with symptoms of gastrointestinal 
dysfunction in APSI patients. 

Patients and methods 

Patients 

Scrum samples were taken from eight Swedish patients, nine 
Norwegian patients (table 1), and 63 Finnish patients with APSI; 
the clinical characteristics of the Swedish and Finnish patients 
have been described elsewhere, 44 * we also tested serum samples 
from 224 patients with isolated insulin-dependent diabetes 
mellitus, 51 with Graves* disease, 3 1 with Hashimoto's thyroiditis, 
and 66 with Addison's disease. 70 healthy Swedish blood donors 
were used as controls. Duodenal biopsy samples from two 
Swedish APSl patients with severe gastrointestinal dysfunction 
were used for immunostaining. The local ethics committee 
approved our methods, and all experiments were done in 
accordance with the Helsinki Declaration. 

Methods 

\Gfe used a commercial XGTl I cDNA library constructed from 
human duodenum (Clontec, Palo Alto, CA, USA) for 
irnmunoscreening (as described elsewhere*) of APSl patients* 
(n=7) serum samples, diluted 1 in 3000. The positive cDNA 
dones were amplified by PCR with vector primers flanking the 
insert (KEBO, Solna, Sweden). The products were separated by 
agarose-gel electrophoresis, and purified with a Jetsorb 
purification kit (Genomed, Triangle Park, NC, USA), The DNA 
was quantified and then sequenced with internal primers 
(KEBO), a dye-terminator-sequencing kit (Perkin Elmer, Foster 
City, CA, USA), and a DNA sequencer (version 310 or 373A, 
Applied Biosystems, Foster City, CA, USA). 

The cDNA clone thai encoded tryptophan hydroxylase 
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Characteristic 



Patient 



Sex 

Year of birth 

Intestinal dysfunction 

•nsuSiHtependent diabetes memos 

Adrenal insufficiency 

Hypoparathyroidism 

Alopecia 

Vitiligo 

Pernicious anaemia 
Gonad failure 



F 

1957 



F 

1958 



M 

1948 



F 

1990 



5* 
F 

1986 



F 

1981 



M 

1990 



F 

1967 



M 

1962 



•These patterns are sisters. 

Table 1: Clinical characteristics of Norwegian APS1 patients 

(EC. 1. 14. 1 6.4) was then subcloned into the pSP64-polyA vector 
(Promega, Madison, WI, USA) to allow optimum 
ra-vitro translation and transcription. We used primers 
(KEBO) designed to amplify the 1335 bp coding portion 
of the cDNA and add a 23 bp upstream sequence 
(CGCAAGCTTGGATCCAATTCACC: A Falorni, personal 
communication), with the aim of improving transcription and 
introducing appropriate restriction enzyme sites. After ligation 
into the HbuSWXbea site of the pSP64-polyA vector, the 
sequence was analysed to make sure it was correct. 

The pSP64-polyAAryptophan hydroxylase done was 
transcribed and translated in vitro with a TNT-SP6 
coupled reticulocyte-lysate system (Promega). The size of 
the radioactive product was measured by means of sodium 
dodecyi sulphate/polyacTylarnide-gd electrophoresis (BioRad, 
Richmond, CA, USA). Immunoprecipitation was done, 14 and the 
results were expressed as: 
Tryptophan hydroxylase antibody indar= 

cpm sample - cpm negative control 

(cpm positive control - cpm negative control) X 1 00 

Each sample was tested three times. One APS1 patient known 
to have a high titre of antibodies to tryptophan hydroxylase was 
tised as a positive control, and one of the blood donors was used 
asanegative control. The upper normal limit of the tryptophan 
hydroxylase antibody index was 14— the mean value for the blood 
donors plus four SD. Values above this cut-off were taken to 
indicate the presence of autoantibodies to tryptonhan 
hydroxylase. 

Tissue samples from normal human small intestine and 
duodena] biopsy samples from two APS1 patients were fixed in 
10% buffered formalin and processed routinely to paraffin. 
160-1 o 
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5 Urn sections were immunostained by the avidm-biotin 
technique." This method gives better results than 
immunofluorescence staining of unfixed tissue samples, 
presumably because of the large amounts of mucins and 
proteolytic enzymes in intestinal tissue. To assess colocalisation, 
consecutive mtestinal sections made by the mirror technique were 
mtmunostatned. Before munimostaiiung, the sections were stored 
in a citrate buffer at pH 6 0, heated in a microwave oven at 750 W 
for two periods of 5 xnin, then left in the buffer at room 
temperature for 15 min.The sections were then treated with 3% 
aqueous hydrogen peroxide in a phosphate buffer at pH 14 for 
15 rnin so that endogenous peroxide activity was inhibited. We 
used serum samples from APS1 patients, a specific serotonin 
antibody (code number YC5/45, Medicorp, Montreal, Canada), 
and an antiserum to tryptophan hydroxylase (Chemicon, 
Temecula, CA, USA) as primary antibodies at a dilution of 1 in 
100. Control stains omitted the primary antibody or replaced it 
with serum from a healthy blood donor at a dilution of one in ten. 

Activity of tryptophan hydroxylase was measured by 
radioenzyrnatic assay, 1 * which used 25 umol/L tritium-labelled 
L-tryptophan and 0-5 umol/L 6i?-tetranydrobxoptcrin as 
substrates. We used 4 uL reticulocyte lysate as the source of 
tryptophan hydroxylase. The final assay volume of 100 uL 
contained 0-10 jiL patient's serum. The mixmre was incubated at 
30°C in pH 7*0 buffer for 10 mm. A second assay, which used 
high-performance liquid chrornatography with fluorimetric 
detection, gave similar results (data not shown). Gel 
chromatography on a Sephacryl-200 column (Pharmacia, 
Uppsala, Sweden) of tryptophan hydroxylase produced in vitro 
showed that a substantial fraction migrated as a tetramer complex 
(data not shown). 



APS1 Insulin-dependent Graves' 

( n=80) diabetes disease 

mellitus (rv=51) 

(n=224) 



Hashimoto's 
thyroiditis 
(n=31) 



4 



Addison's 
disease 
(n=66) 



Healthy 
controls 
<n=70) 



v^h r !th^!!!T fea ^ to J tryPt ? Phan hydr ° Xy,aSe of scrum samp,es fr <»" SO APSl patients, controls, and patients 
with other autoimmune endocrine diseases 

Broken line Indicates cut-off value for positive result, mean value of negative controls plus 4 SD. 
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CtbitcaldlMrdtf 


Number wttfa 

disorder/ 

total 


Number wtth antibodies to 
tryptophan trydroxytaM/total 

With disorder Without disordei 


P* 


Intestinal dysfunction 


19/80(24%) 


17/19 (89%) 


21/61(34%) 


OOOOl 


InsuBivdependent 


9/80(11%) 


4/9 (44%) 


34/71 (48%) 


>0*99 


diabetes meftitus 










Adrenal insufficiency 


€6/60(83%) 


34/66 (52%) 


4/14(29%) 


0-15 


Hypoparathyroidism 


65/80(81%) 


30/65 (46%) 


8/15(53%) 


0-78 


Alopecia 


26/80(32%) 


11/26(42%) 


27/54(50%) 


f>63 


Vitiligo 


17/80(21%) 


12/17 (71%) 


26/63(41%) 


0054 


Pernicious anaemia 


16/60(20%) 


7/16(44%) 


31/64(48%) 


0-79 


Gonad failure 


27/80(34%) 


13/27(48%) 


25/53(47%) 


>0-99 



♦Calculated by use of Fisher's test. 

Table 2: Ctlnlca) disorders and tryptophaivhydroxyfase 
antibodies En 80 patients with APS1 

Statistical analysis 

Fisher's exact test was used to compare the frequencies of 
reactivity to tryptophan hydroxylase in the patients with and 
without intestinal and other symptoms. 

Results 

Immunoscreening of the cDNA library with scrum 
samples from seven APS1 patients identified 13 positive 
clones, which were partly sequenced When the clones 
were screened again with serum samples from nine APS1 
patients, two clones showed immunoreactivity with eight 
of the nine serum samples. These two clones^ identified as 
tryptophan hydroxylase and aromatic aminoaedd 
decarboxylase, were roughly 1-5 kb and 1-4 kb in size. The 
clone encoding tryptophan hydroxylase was fully 




sequenced, and comparison with the published sequence" 
showed no variation or mutations. 

After in-vitro transcription and translation of the 
tryptophan hydroxylase gene, we showed that 6-7% of 
sulphur-35-labelled methionine was incorporated into the 
protein. On denaturing polyacrylamide-gel electrophoresis 
a band with the expected size of about 58 kDa was seen. 

38 (48%) of the 80 patients had a tryptophan 
hydroxylase antibody index of more than 14, indicating 
the presence of autoantibodies (figure 1), However, the 
frequency of reactivity varied between patients from 
different countries. All eight of the Swedish APS1 patients 
showed reactivity against tryptophan hydroxylase, 
compared with only 28 of the 63 Finnish patients and two 
of the nine Norwegian patients. There was no significant 
difference in frequency of reactivity between men 
(17 [46%] of 37) and women (21 [48%] of 43). 17 (89%) 
of 19 patients with intestinal symptoms showed reactivity, 
compared with 21 (34%) of 61 patients without intestinal 
symptoms (p<0 0001). No significant associations were 
shown between the presence of tryptophan hydroxylase 
autoantibodies and other components of the syndrome 
(table 2). 

All eight of the serum samples from Swedish patients 
with autoantibodies to tryptophan hydroxylase also caused 
cytoplasmic staining of enterochromafHn cells. These cells 
were identified by staining of consecutive duodenal 
sections with a specific antibody against serotonin (figure 
2). Some samples also stained secretory granules in 
Paneth cells (three) and goblet cells (three). Serum 
samples from blood donors and APS1 patients without 



Figure 2: Immunostainlng of consecutive sections of normal 
human small Intestine with serum from an APSi patient (A) 
and a specific serotonin antibody (B) 

Reduced by 33% from x281. Immunostairts diluted 1 in 100. Cells 
stained by the patients' serum are the same as the enterochromaffin 
cells stained by the serotonin antibody (arrows). 




Figure 3: Immunostainlng of normal duodenum (A) and 
duodenal biopsy sample from an APSI patient with 
gastrointestinal dysfunction (B) with monoclonal antibody to 
serotonin 

Reduced by 50% from x62-5. Immunostains diluted 1 in 100. 
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Figure 4: Effect of serum from two APS1 patients and blood donors on activity of 
human tryptophan hydroxylase 

Activity without serum added 0-13 nmol minr* ml*. Representative results for the patients 
with the greatest and the least effect are shown; values are mean of three or four separate 
assays (patients) or single assay (controls); error bars indicate SO. 



antibodies to tryptophan hydroxylase did not cause any 
specific immnnostaining Immunos taming of duodenal 
biopsy samples from two APS1 patients showed no 
serotonin-containing enterochromaffin cells, unlike 
normal duodenum (figure 3). 

To assess whether the presence of serum from APS1 
patients affected the activity of tryptophan hydroxylase, we 
produced the enzyme by in-vitro translation and 
transcription, and assayed its activity in the presence of 
serum samples from 16 APS1 patients and 1 1 healthy blood 
donors. Addition of serum from blood donors at a final 
dilution of one in ten resulted in a non-specific decrease in 
activity to about 50-60% of that of control experiments 
without any serum (figure 4). The decrease was possibly due 
to high concentrations of protein and free axninoacids in the 
serum. By contrast, serum samples at a similar dilution from 
APS1 patients almost completely inhibited the enzyme 
activity; also there was partial inhibition of enzyme activity 
with patients* serum at a dilution at which the blood-donor 
serum samples had no significant effect (figure 4). At a final 
dilution of 1 in 100, addition of serum samples with 
reactivity to tryptophan hydroxylase caused 35-98% 
inhibition of the enzyme activity. 

Discussion 

Our findings suggest that tryptophan hydroxylase, the 
rate-limiting enzyme in the synthesis of serotonin, 1 ' is an 
important intestinal autoantigen in patients with APSl. 
Tryptophan hydroxylase is a 230 kDa tetramer made up of 
identical subunits each with a molecular mass of 58 kDa. 
It is expressed in serotonin-producing cells in the central 
nervous system and the intestine." In the intestine, 
tryptophan hydroxylase and serotonin are present in 
enterochromanin cells in the mucosa, and in neuronal 
cells in the submucosal and myenteric plexus. The specific 
staining of enterochromaffin cells in the mucosa of normal 
duodenum by serum from APSl patients and the 
complete absence of enterochromanin cells from duodenal 
biopsy samples from APS 1 patients suggest that 
tryptophan hydroxylase is an antigen linked to intestinal 
dysfunction in APSl. The staining of Paneth and goblet 
cells suggests that there are additional intestinal 



autoanrigens linked to APSl. These 
findings also support the hypothesis that 
autoimmune mechanisms, rather than 
mechanisms secondary to other 
components of APSl such as candidosis or 
hypocalcemia, may cause the intestinal 
symptoms. 

Polyclonal and monoclonal antibodies to 
the pteridine-dependent aminoacid 
hydroxylases tryptophan hydroxylase, 
tyrosine hydroxylase, and phenylalanine 
hydroxylase have been generated 
experimentalry.^ 1 Some of these antibodies 
are enzyme-specific, and others recognise 
all three enzymes. Although the mouse and 
rabbit antibodies can either stimulate or 
inhibit the enzymes, all the tryptophan 
hydroxylase antibodies that we found in 
APSl patients are inhibitory. The 
inhibitory autoantibodies in APSl patients 
were specific for tryptophan hydroxylase; 
there was no significant inhibition of 
human tyrosine hydroxylase (isoform 1) or 
phenylalanine hydroxylase under similar 



human 

experimental conditions (data not shown). Although the 
inhibition of tryptophan hydroxylase activity by APSl 
serum in vitro shows that the autoantibody reaction is 
highly specific, we cannot assume that the same is true in 
vivo without further experimental evidence. 11 

Serotonin is generally believed to upregulate intestinal 
motility. 13 However, we cannot rule out the possibility 
that the complete loss of serotonin-producing 
enterochromanin cells observed in our patients may affect 
other regulatory systems; this hypothesis would explain 
why both diarrhoea and constipation occur in APSl 
patients. In our study, 17 (89%) of 19 APSl patients with 
gastrointestinal problems were positive for antibodies to 
tryptophan hydroxylase, which suggests that these 
antibodies are a marker for gastrointestinal dysfunction in 
APSl. The absence of these antibodies from patients with 
other autoimmune diseases and healthy blood donors 
shows that these antibodies are highly specific. The finding 
that 34% (21 of 61) APSl patients without 
gastrointestinal symptoms were positive for antibodies to 
tryptophan hydroxylase may be explained by under- 
reporting of gastrointestinal symptoms, subclinical disease, 
or the appearance of antibodies before the onset of clinical 
symptoms. The differences in frequency of autoantibodies 
in APSl patients from Sweden, Finland, and Norway may 
perhaps be explained by the occurrence of different 
mutations of the AIRE gene in the three populations. 

Our findings may lead to the identification of 
autoanrigens in other autoimmune diseases." Antibodies 
to tryptophan hydroxylase should be sought in people with 
other gastrointestinal diseases, such as Crohn's disease, 
ulcerative colitis, and irritable-bowel syndrome. 
Autoimmune enteropathy 25 - 2 * and pseudo-obstruction in 
connection with small-cell carcinoma 27 are two disorders 
in which immunoreactivity against mucosal cells or 
submucosal neurons has been shown, but no autoantigen 
has yet been identified. Immunotherapy of malignant 
melanoma with tyrosinase has been proposed, 2 * and 
tyrosinase has also been identified as an autoantigen in 
autoimmune vitiligo. 29 Immunisation with tryptophan 
hydroxylase, or with fragments of this protein, may be a 
suitable treatment for malignant gut carcinoids that 
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originate from serotonin-producing entero chromaffin 
cells. 

The identification of tryptophan hydroxylase as an 
intestinal autoantigen raises the question of why many 
autoantigens, such as glutamic acid decarboxylase in 
insulin-dependent diabetes mellitus and aminoacid 
decarboxylase in APSl, are key enzymes in the synthetic 
pathways of neurotransmitters. These enzymes may share 
properties that make them potent triggers of the immune 
system. Alternatively, the presentation of these enzymes in 
the thymus may be incomplete, since they are expressed 
rather late during fetal development. 

We identified tryptophan hydroxylase through 
immunoscreening of an intestinal cDNA library despite 
the fact that initial hrmiunoblotting experiments did not 
show any consistent reactivity against whole intestinal 
tissue. In retrospect, this was probably because tryptophan 
hydroxylase is only present in a small fraction of intestinal 
cells and in concentrations below the detection level for 
immunoblotting- This may be of relevance when trying to 
identify other autoantigens in tissues containing different 
cell types. Further showing the specificity of the approach 
to immunoscreen cDNA libraries, a done coding for 
aminoacid decarboxylase— a known autoantigen in APSl' 
with a much broader tissue-distribution — was identified 
by several serum samples. 30 

The identification of antibodies to tryptophan 
hydroxylase in APSl may be a useful diagnostic marker to 
predict and monitor intestinal disorders associated with 
this autoimmune disease. It may also add to our 
understanding of the pathogenesis of these intestinal 
disorders in APSl, and lead to more effective treatment. 
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Celiac disease Is characterized by small intestinal damage with 
loss of absorptive villi and hyperplasia of the crypts, typically 
leading to malabsorption 1 . In addition to nutrient deficiencies, 
prolonged celiac disease is associated with an increased risk for 
malignancy, especially intestinal T-cell lymphoma*"*. Celiac dis- 
ease is precipitated by ingestion of the protein gliadin, a com- 
ponent of wheat gluten, and usually resolves on its withdrawal. 
Gliadin Initiates mucosal damage which Involves an immunolog- 
ical process in individuals with a genetic predisposition. 
However, the mechanism responsible for the small intestinal 
damage characteristic of celiac disease is still under debate 44 . 
Small intestinal biopsy with the demonstration of a flat mucosa 
which is reversed on a gluten-free diet is considered the main 
approach for diagnosis of classical celiac disease 7 . In addition, 
IgA antibodies against gliadin and endomyslum, a structure of 
the smooth muscle connective tissue, are valuable tools for the 
detection of patients with celiac disease and for therapy con- 
trol**. Incidence rates of childhood celiac disease range from 
1:300 in Western Ireland to 1:4700 in other European coun- 
tries w - 1J , and subclinical cases detected by serological screening 
revealed prevalences of 3.3 and 4 per 1000 in Italy and the USA, 
respect^vely I1 ■ ,4 . IgA antibodies to endomyslum are particularly 
specific indicators of celiac disease*'*, suggesting that this struc- 
ture contains one or more target autoantigens that play a role in 
the pathogenesis of the disease*". However, the identification 
of the endomysial autoantigen(s) has remained elusive. We 
identified tissue transglutaminase as the unknown endomysial 
autoantigen. Interestingly, gliadin is a preferred substrate for 
this enzyme, giving rise to novel antigenic epitopes. 

Western blotting with serum samples from active celiac disease 
patients containing high-titer antiendomysial IgA antibodies did 
not allow us to identify specific protein bands in extracts from 
placenta, uterus, liver or gut, possibly because of loss of antigenic- 
ity of the partially denatured protein preparations. Therefore, we 
used immunoprecipltation from cell cultures, a method that can 
be used for target antigens susceptible to denaturation. 

Cell cultures were screened by immunohistochemistry for the 
expression of the autoantigen with high-titer sera of patients 
with celiac disease and the alkaline phosphatase/monoclonal 
anti-alkaline phosphatase (APAAP) technique'". This method re- 
vealed that cytoplasmic vesicles of HT1080 (human fibrosar- 
coma) cells, WI38 (human embryonal fibroblasts) as well as 
Hepl and HepG2 (human hepatocarcinoma) cells were specifi- 
cally stained by the patients' IgA antibodies. We then immuno 



precipitated both supernatant and cell lysate of HT1080 cells 
metabolically labeled with [^methionine, using the IgA frac- 
tion from celiac disease sera bound to Sephaiose. After separa- 
tion by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 
autoradiography, irnmunopreapitation of the supernatant 
yielded varying amounts of a high-molecular-weight protein 
that was identified as flbronectin by western blotting and by the 
characteristic peptide pattern after protease V8 digest (data not 
shown). When the cell lysate was analyzed in a similar way, a 
single protein band with an apparent relative molecular weight 
(Af t ) of 85,000 before and after disulfide reduction was immuno- 
precipitated exclusively with 25 celiac disease serum samples, 
but with none of 25 control serum samples (from healthy 
adults, patients with ulcerous colitis or Crohn's disease, or pa- 
tients with Sjogren's syndrome, an autoimmune disease charac- 
terized by high-titer serum autoantibodies) (Fig. 1, a and b). As 
before, varying quantities of flbronectin could be precipitated 
in celiac disease, but also small amounts were precipitated in 
some control sera, suggesting that this large adhesive glycopro- 
tein was not the primary target of the celiac disease autoim- 
mune response. Instead, flbronectin may have precipitated 
nonspecifically or in association with the 85-kDa autoantigen 
(see below). 

In order to further characterize the putative 85-kDa autoanti- 
gen, larger quantities of the protein were isolated by immuno- 
precipltation, SDS-PAGE and electrophoretic elution, followed 
by cleavage with endoproteinase Asp-N. The resultant frag- 
ments were separated in a 10% tricine gel (Fig. 2a) and trans- 
ferred to a polyvinylidene-difluoride membrane. Three major 
cleavage products with M t 10,000, 14,000 and 16,000 were ex- 
cised and subjected to ami no-terminal sequence analysis. All 
three peptides yielded sequences that could be clearly assigned 
to tissue transglutaminase (EC 2.3.2.13, tTG) 1 * (Fig. 2b), An In- 
teraction of tTG with flbronectin has been described 10 , which 
might explain the occasional coprecipitation of fibronectin 
with tTG in our immunoprecipltation experiments. 

Tissue transglutaminase (synonymous with erythrocyte, cel- 
lular, endothelial, cytoplasmic, type II or liver TG)* 1 belongs to a 
family of calcium-dependent enzymes that catalyze the 
crossiinking of proteins resulting in the formation of an e-(y- 
glutamylHysine bond. Whereas several proteins can serve as ac- 
ceptor substrates, only a limited number of donor substrates ex- 
ists. The physiological role, of the tTG has only been partly 
explored. Although the enzyme is normally localized in the cy- 
toplasm, tTG can be released during wounding, where it associ- 
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Rg. 1 IgA antibodies of celiac disease sera precipitate a characteristic protein species from cell cultures. Autoradiography of the immunoprecipitated cell 
rysate from HT1 080 cells after separation by SDS-PACE under reducing conditions, a flane 1 ), Preadsorption on plain Sepharose CL-4B shows nonspecific 
binding of two major proteins; (lanes 2 and 3), immunoprecipitates with serum IgA from healthy controls and (lane 4), precipitation of the 85 -kDa auto- 
antigen by serum IgA from a patient with celiac disease. Note high-molecular-mass material that was identified as fibronectin, which co precipitated from 
samples from patients with celiac disease as well as some with non-ceDac disease, b, immunoprecipitates with serum IgA from celiac disease patients and 
controls: (lane 1), material preadsorbed on plain Sepharose; (lane 2), healthy control; (lanes 3-7), patients with celiac disease; (lane 8), Crohn's disease; 
(tane 9), ulcerative colitis; (lanes 10-12), patients with Sjogren's syndrome. 



ates with cell surfaces or certain extracellular matrix molecules 11 . 
tTG can crosslink fibronectin 3 *", osteonectin", collagen H*, V 
and XI* procollagen III 1 * and nidogen 17 . Thus, secreted tTG is 
thought to stabilize the provisional extracellular matrix in gran- 
ulation tissue". Furthermore, its expression is enhanced during 
apoptosis, leading to irreversible crosslinking of intracellular 
proteins, and may be deranged during growth of some tu- 
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tissue transglutaminase: 
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tissue transglutaminase: 
14 kDa fragment: 

tissue transglutaminase: 
16 kDa fragment: 



28* Arg Glu Lys Leu Val Val Arg Arg Gry Gin Pro Phe Tip 
Arg Glu Lys Leu Val Val Arg Arg Gly Gin Pro Phe (Ser) 

58 V Asp Leu Tyr Leu Glu Asn Pro Glu lie Lys He Arg He Leu Gly 
Asp Leu Tyr Leu Glu Asn Pro Glu He -X- lie -X- He Leu Gly 

438 ' Asp lie Thr His Thr Tyr Lys Tyr Pro Glu 
Asp He Thr Leu Thr Tyr Gin Tyr Pro (Val) 



mors*-*. The commercially available enzyme from guinea pig 
liver shows a high-protein sequence identity with human tTG 
(>80%)"\ with a high probability of conserved antigenic epi- 
topes, which allowed us to carry out further experiments with 
this preparation. 

Gliadin, the dietary factor incriminated in the initial patho- 
genesis of celiac disease, contains numerous glutamines amount- 
ing to approximately 40% of its amino acids 4 . In order to test 
whether gliadin could serve as a substrate for tTG, we used an hi 
vitro assay with radiolabeled putrescine as acceptor substrate 17 . 
Gliadin proved to be an excellent substrate and was quantita- 
tively crosslinked by tTG, whereas the control proteins (chicken 
albumin, bovine serum albumin, o-lactalbumin, p-Iactoglobulin) 
were essentially unaltered (data not shown). These results are in 
accord with previous reports that showed preferential incorpora- 
tion of putrescine in gliadin by a transglutaminase extract from 
intestinal tissue" and also crosslinking of gliadin by a lysate of 
human red blood cells that contain tTG (ref. 31). 

The celiac disease-specific IgA autoantibodies to endomysiurn 
arc detected and semiquantified by performing indirect im- 

Fig. 2 Purification and a mi no-terminal sequence analysis of the 85-kDa 
autoantigen. a t Separation of the unlabeled immunoprecipitated 
85-kDa autoantigen by SDS-PAGE under reducing conditions; proteins 
revealed by silver staining, (lane 1 ), Molecular weight standard (as mass); 

(lane 2), immunoprecipitate of the 85-kDa auto- 
antigen; additional major bands are fibronectin, 
and light and heavy immunoglobulin chains 
(25-30 kDa and 60-65 kDa, respectively); (lane 
3), 85-kDa autoantigen purified by elec- 
trophoretic elulion; (lane 4), fragments of the 
purified autoantigen after digestion with endo- 
proteinase Asp-N; the three peptides subjected 
to N- terminal sequence analysis are marked. 
b. The N-terminal sequence data of the three 
fragments of the 85-kDa autoantigen generated 
by endoproteinase Asp-N were compared with 
the Swiss-Prot 31 data base (PC/GENE, 
IntelliGenetics) and found compatible with 
human tissue transglutaminase (EC 2.3.2.13). 
The identity of residue X is unknown, residues in 
parentheses are uncertain. 
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Flq 3 Tissue transglutaminase as the prominent autoantigen of celiac disease. Indirect immunofluorescence for IgA autoantibodies on monkey esopha- 
gi (xJs) characteristic staining of endomysial structures by high-titer cefec disease serum (dilution 1 :320). b, Loss of specrfic stam.ng after 
preincubation of the same serum dilution with tTG, suggesting that the identified tTC is the prominent, if not sole, autoantigen .n celiac disease. 



munofluorescence on muscular sections of monkey esophagus 
or umbilical cord* 1 " 1 . In order to further confirm tTG as the au- 
toantigen in celiac disease, we performed indirect immunofluo- 
rescence with high-titer celiac disease serum samples on 
monkey esophagus with or without prior preincubation of the 
sera with tTG. Whereas untreated celiac disease serum samples 
showed the characteristic feature of endomysial labeling, pre- 
treatment with tTG nearly completely abolished endomysial 
immunofluorescence (Fig. 3, a and b). This demonstrated that 
tTG represents the predominant, if not sole, endomysial au- 
toantigen considered characteristic for celiac disease. 

On the basis of these data, we established an enzyme-linked 
immunosorbent assay (EL1SA) for the detection of IgA anti-tTG 
antibodies. Serum samples either from celiac disease patients 
with well-known anti-endomysium titers (as determined by im- 
munofluorescence) or from controls were analyzed. In this 
ELISA only celiac disease patients displayed elevated levels of 
IgA anti-tTG, whereas none of the controls showed significant 
reactivity (Table 1). Furthermore, two of the high-titer sera were 
retested at higher dilutions. Even at 1:3200 these sera exhibited 
extinctions of A = 1.02 ± 0.09 (celiac disease A) and 0.84 ± 0.12 
(celiac disease C), thus demonstrating the high sensitivity of the 
VUSA test (data not shown). In addition, there was a good cor- 
relation between decreasing titers of anti-endomysium IgA and 
the IgA antibodies to tTG as measured by KUSA once patients 
were on a gluten-free diet (Table 2). We also measured IgG au- 
toantibodies to tTG using the same F.l.lSA system, in which the 
anti-IgA antibody was replaced by an anti-IgG antibody. Even 
though the high-titer celiac disease sera showed elevated anti- 
tTG IgG levels, this system was not comparable in sensitivity 
and specificity to the IgA-based tUSA (Table 2). In addition, 
some control sera, especially those of patients with chronic in- 
flammatory disorders, showed raised titers of IgG anti-tTG (data 
not shown). The high sensitivity and specificity for celiac dis- 
ease of IgA class autoantibodies to tTG is most plausibly ex- 
plained by the prominent production of IgA by mucous 
membranes, especially those of the intestinal tract, with the IgA 
anti-tTG response thus reflecting the active phase of intestinal 
mucosal injury. 

The identification <>f tTG as the autoantigen in celiac disease 
-.hould fuel novel concepts about the insufficiently understood 



pathogenesis of celiac disease. The usually intracellular enzyme 
is released from cells during wounding". One of Its roles is the ir- 
reversible crosslinking of a small set of extracellular matrix and 
some cytoplasmic proteins, including cytoskeletal elements. 
This crosslinking might stabilize the wound area and protect the 
surrounding tissue from further damage. In addition, cytoskele- 
tal crosslinking has been reported in apoptosls, leading to the 
noninflammatory elimination of potentially dangerous infected 
cells 2 ". 

The finding that gliadin is a preferred substrate for the other- 
wise highly substrate-specific enzyme is of particular interest. 



Table 1 Enzyme-linked immunosorbent assay (ELISA) based 
on tTG for the celiac disease (CD) autoantigen 



Serum sample 


EmA titer 


Serum IgA anti-tTG 




dilution (1 :400) 


CD A 


(1 :640) 


>3.S00 


CD B 


<1:320) 


>3.500 


CDC 


(1:320) 


3.114±0.024 


CD D 


(1:320) 


1.257 ±0.024 


CDE 


(1:320) 


1.97710.018 


CDF 


(1:320) 


1.S2S ±0.085 


CDC 


(1:160) 


1.208 ±0.01 9 


CD H 


(1:160) 


0747 ±0.048 


CDI 


(1:160) 


2.1 74 ±0.291 


CD K 


(1:80) 


0.667 ± 0.037 


CD L 


(1:80) 


1.372 ±0.093 


CD M 


(1:40) 


0.286 ±0.009 


Ulcerative colitis 


(ND) 


0.11910.014 


Indeterminate colitis 


(ND) 


0.092 + 0.016 


Crohn's disease 


(ND) 


0.090 ±0.001 


Sjogren's syndrome 


(ND) 


0.1 37 + 0.004 


Sjogren's syndrome 


(ND) 


0.082 + 0.003 


Alcoholic liver fibrosis 


(ND) 


0.059 ± 0.001 


Healthy control 


(ND) 


0.070 ±0.001 



An ELISA for IgA antibodies against tTC was established. Shown are the optical 
densities ol twelve different celiac disease serum samples with varying ami-erv 
domysium antibody (EmA) titers as well as seven control sera. Sera were diluted 
1 :400 and listed according to their EmA titer (in parentheses). All celiac disease 
sera with high EmA-titers <>1 :80) show high anli-lTG IgA titers, whereas the con- 
trol sera display background levels. Celiac disease sera with low EmA-titer {<\ :80) 
show only slightly raised ELISA titers, but are highly elevated above controls when 
diluted 1:100 (0.67 ± 0.02 versus 0.12 ± 0.01; celiac disease M, not shown). 
Values are means <+s.d.) ot three parallel determinations. ND, n^detefrnined. 
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Table 2 IgA and IgG anti-tTG antibodies in celiac disease (CD) patients 
before and after a gluten-free diet 



Serum 


EmA titer 


IgA anti-tTG 


IgG anti-tTG 


sample 




dilution (1 :400) 


dilution (1:100) 


CD A 


(1 :640) 


>3-500 


1.267 ±0.030 


CDAgfd 


(neg) 


0.321 ±0.013 


1.055 ±0.055 


CDB 


(1:320) 


>3.500 


3.116±0.058 


CD B gfd 


(1:40) 


0.286 ±0.009 


0.569 ±0.009 


CDC 


(1:320) 


3.11410.024 


1.360 ±0.009 


CDCgfd 


(neg.) 


0.162 + 0.002 


0.959 ±0.024 


CDE 


(1:320) 


1.977 + 0.018 


0.827 ±0.032 


CD E gfd 


(neg.) 


0.1 86 ±0.041 


0.504 ±0.045 


CDF 


(1:320) 


1.525 ±0.085 


0.555 ±0.016 


CDF gfd 


(1:80) 


1.372 + 0.093 


3.1 86 ±0.069 


CD G 


(1:160) 


1.208 ±0.019 


1.15410.011 


CDGgfd 


(1:20) 


0.066 ±0.010 


0.370 ±0.008 


CD H 


(1:160) 


0.747 ±0.048 


0363 ±0.014 


CDHgfd 


(1:80) 


0.667 ±0.037 


1.632 ±0.016 



EUSA data for IgA (1 :400) and IgC (1 :100) class antibodies against tTC of sewn different CO serum 
samples before and after a gluten-free diet (gfd). EmA-titers are given in parentheses. IgA anti-tTG an- 
tibodies decline in most patients kept on a gfd. Compared with IgA anti-tTG antibodies, IgC anti-tTG 
antibodies appear less sensitive markers for the active phase of CD; titers are means (±s.d.) of three 
parallel determinations. 



ened decisively, leading to a decreased morbidity from 
this intestinal disease. 

We cannot completely exclude IgA autoantibodies 
to tTG in diseases with mucosal lesions that are similar 
to celiac disease lesions, for example, tropical sprue, gi- 
ardiasis, cow milk enteropathy or postenteritis syn- 
drome. However, we think that it is quite unlikely to 
find these tTG autoantibodies in sera of these patients, 
because no igA EmA were found in serum samples 
from patients with cow milk enteropathy, giardiasis or 
postenteritis syndrome*. Furthermore, no association 
of these diseases to the celiac disease-associated HLA- 
DQ genes is described. 

By assuming a yet unproven potential of tTG, which 
is released during wound healing to serve as a further 
trigger for celiac disease, a novel treatment based on 
oral feeding of the autoantigen and induction of an 
oral tolerance may be envisaged 35 . tTG apparently elic- 
its autoantibodies of the IgG class in various other 
chronic inflammatory conditions and might play a 
role in the initiation and perpetuation of certain auto- 
immune diseases. 



Bruce er at™ already demonstrated that gliadin efficiently incor- 
porates putrescine in the presence of intestinal extracts contain- 
ing transglutaminase. However, these researchers did not 
differentiate the responsible enzyme nor implicate tTG as the 
endomysial autoantigen of celiac disease. Furthermore, localiza- 
tion of the intestinal TG within the lamina propria mucosae, 
with only 1% in the epithelial layer 30 , is in agreement with the 
site of immunological damage in celiac disease. 

We hypothesize that damage or hyperpermeability of the in- 
testinal epithelium, either owing to toxic gluten fractions or to 
other (minor) irritants, triggers the abundant extracellular re- 
lease of cytosolic tTG, mainly by lamina propria mononuclear or 
mesenchymal cells. Subsequent cross linking of dietary gliadin 
results in gliadin-gliadin or gliadin-tTG complexes and thus cre- 
ates antigenic neoepitopes. These neoepitopes could then initi- 
ate an immune response in genetically susceptible individuals, 
finally directed both to gliadin and tTG. In fact, a genetic predis- 
position has been found in celiac disease patients, who often 
bear the major histocompatibility complex antigens HLA- 
DQ(al*0501,pi*0201)«\ Further support comes from our pre- 
liminary data showing that a proportion of the IgA 
autoantibodies of celiac disease patients are directed to such 
neoepitopes (data not shown). Taken together, these data are 
well in line with the suggested importance of the celiac disease 
autoantigen in the pathogenesis of the disease as suggested by 
others"*". Nevertheless, it must be borne in mind that celiac dis- 
ease is not a classical autoimmune disease, since IgA antibodies 
to tTG disappear when gliadin is strictly removed from the diet, 
and the mucosal damage is reversed without residual fibrosis or 
scarring. 

Our findings further suggest that the immunological detection 
of IgA autoantibodies to tTG, the newly discovered autoantigen 
of celiac disease, is a useful tool in the diagnosis and follow-up of 
the disease. Because of its simplicity, the ELISA for the identified 
autoantigen now allows an economical and rapid screening of 
large portions of the general population for the presence of la- 
tent or subclinical celiac disease. Therefore, the too-long inter- 
vals from early symptoms to diagnosis and finally treatment of 
celiac disease (median 5.4 yean in Germany)" could be short- 



Methods 

Cell culture and immunoprecipitation. HT1080 celts were cultured in 
Dutbecco's modified Eagle's medium containing 10% fetal calf serum 
(Cibco, Eggenstein, Germany). For radioactive labeling 1 0 1 cells were incu- 
bated with 0.2 ma [^methionine (Expre u S"S, Du Pont-NEN, Bad 
Hamburg, Germany) and cultivated for further 16-20 h. For immunopre- 
cipitation (IP) the cells were h/sed in 3 ml 50 mM Tris-HCI, 150 mM NaCI, 
1% noniontc detergent, protease inhibitors, pH 7.5, for 10 min at 4 °C. 
Cell fragments were removed by centrifugation. 1 ml fysate was incubated 
with 50 Ml Sepharose CL-4B (Pharmacia, Freiburg, Germany) for 30 min at 
room temperature to remove n on specifically binding proteins. The thus 
pretreated lysate was incubated with CNBr-activated Sepharose 4B 
(Pharmacia) preadsorbed with serum IgA either from celiac disease pa- 
tients or from controls via an anti-human IgA bridging antibody from rab- 
bit (2.4 mg antibody/ml Sepharose; Dianova, Hamburg, Germany) for 16 
h at 4 X. After several washes the precipitated proteins were dissolved in 
50 ul SDS sample buffer under reducing conditions and separated by 
SDS-PAGE (ref. 36). 

Isolation, deavage and sequencing of the autoantigen. For isolation of 
the autoantigen by efectrophoreu'c Hut ion (Prep Cell 491, Bio-Rad, Krefeld, 
Germany) the discontinuous buffer system of Laemmti* was used. A 7.5% 
resolving gel (acrylamide, bisacrylamide 30:0.4, Pharmacia) was preceded 
by a 4% stacking gel. The immunoprecipitated sample was reduced and 
heated in sample buffer and then separated by a constant voltage of 225 V. 
Elution was performed in 25 mM Tris-HCI 0.1 M glycin, 0.01% sodium lau- 
rylsulfate and fractions of 1 .5 ml (0.8 ml/min) were collected. Fractions of 
interest were analyzed by tricine-SDS-PAGE (ref. 37) and further concen- 
trated with Centriprep-50 (Amkon, Witten, Germany). Cleavage with en- 
doproteinase Asp-N (Boeh ringer Mannheim, Germany) was performed in 
the elution buffer for 30 min at 37 °C, with an enzyme-to-substrate ratio of 
1:100. Protein fragments were transferred to a polyvinyiidene-difluoride 
membrane (irnmobilon, Mil I i pore, Eschborn, Germany) in a semi-dry-fast- 
blot apparatus (Fastblot B32/33 Biometra, Gottingen, Germany) and ex- 
dsed. Amino- terminal sequences were determined by Ed man-degradation 
in an Applied Biosystems 477A sequencer (Foster Gty, CA). 

Inhibition of endomysial staining. Preincubation of celiac disease sera 
(10 pi, diluted 1:320 in phosphate-buffered saline, pH 7.3, PBS) with 1 ug 
or 10 ug tTG from guinea pig liver (Sigma, Deisenhofer, Germany) or with 
10 ug bovine serum albumin (Sigma) was performed for 1 h at room tem- 
perature. Monkey esophagus tissue slides (Euroimmun, Liibeck, Germany) 
were then incubated with the pretreated celiac disease sera, their untreated 
controls or non-celiac disease control sera in a humidified chamber for 1 h 
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at room temperature and washed 3x in PBS containing 0.2% bovine serum 
albumin. Bound IgA was detected with TRITC-labeled antihuman IgA from 
rabbit (1 :50 in PBS; Dianova) for 30 min at room temperature. 

Enzyme linked immunosorbent assay. For the EUSA 1 ug tTG (Sigma) in 
100 ul PBS was coated per well on 96-well microliter plates (Nunc, 
Wiesbaden, Germany) for 2 h at 37 °Q and unreacted sites were blocked 
with PBS containing 1 % bovine serum albumin at 4 °C overnight Patient 
and control sera were diluted in 100 uJ PBS, 0.1% Tween-20 (Sigma), 
added to the wells and incubated for 1 h at room temperature. Three 
washes with PBS, 0.1% Tween-20 were followed by incubation with 100 jd 
peroxldase-conjugated antibody to human IgA (Dianova) diluted 1 :1 000 in 
PBS, 0.1 % Tween-20, for 1 h at room temperature. Unbound antibodies 
were removed by three washes and color was developed by addition of 
200 u.l 0.1 M sodium citrate, 1 mg/ml o^henylenediamine-hydrochloride, 

0. 06. HS>„ pH 4.2, for 30 min at room temperature. The absorbance was 
read on an EUSA reader (MRX, Dynatech Laboratories/Dynex Technologies, 
Denkendorf, Germany) at 450 nm. 
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Molecular techniques have recently revealed that there are 
several immunologically distinct Ro/SS-A antigens. Three 
genes encoding putative Ro/SS-A protein antigens with cal- 
culated masses of 46, 52, and 60 kD have been isolated. The 
encoded amino acid sequence of each is quite dissimilar. The 
46-kD antigen is calrericulin (CR), a highly conserved cal- 
ciurn-binding protein that resides pi^ominately in the en- 
doplasmic reticulum where it may be involved in protein 
assembly. Although CR has recently been confirmed to be a 
new human rheumatic disease-associated autoantigen, its re- 
lationship to the other components of the Ro/SS-A ribonu- 
cleoprotein has become somewhat controversial owing pre- 



dominately to the fact that recombinant forms of calrericulin 
have not displayed the same pattern of autoantibody reactiv- 
ity possessed by the native form of this protein. 

The 52-kD antigen most likely resides in the nucleus and 
may be involved in the regulation of gene expression. The 
cellular location and function of the 60- kD antigen is unccr- • 
tain but studies indicate that it is a RNA-binding protein. 

The 46- and 60-kD antigens share homology with foreign 
polypeptides, suggesting that an immune response initially 
directed against a foreign protein may give rise to the au- 
toimmune response directed at cross-reacting self proteins. 
J Invest Dermatol J00;7JS-79S f 1993 



In 1969 Clark et al first demonstrated a novel antigen in 
human tissue extracts that by immunodifinision analysis 
reacted with sera from patients with systemic lupus erythem- 
atosus and Sjogren's syndrome [1]. This antigen and its reac- 
tive autoantibodies were called Ro (auto)antigen and Ro 
(auto)antibodies, respectively. In 1975 Alspaugh and Tan similarly 
demonstrated the presence of three different autoantibodies in sera 
from patients with Sjogren's syndrome that they designated SS-A, 
SS-B, and SS-C [2]. Later it was demonstrated that SS-A autoanti- 
bodies were immunologically equivalent to the Ro autoantibodies 
[3], and thus we now commonly preface these autoantibodies and 
their respective antigens with the term Ro/SS-A. SS-B autoanti- 
bodies were also shown to be identical to La autoantibodies, a speci- 
ficity that frequently accompanies Ro/SS-A autoantibodies [3]. 



Reprint requests to: Dr. Daniel P. McCauliffe, Department of Dermatol- 
ogy, CB 7600, Room 137 North Carolina Memorial Hospital, Chapel Hill, 
27514. 
Abbreviations: 
ANA: anti-nuclear antibody 
cDNA: complementary DNA 
CMV: cytomegalovirus 
CR: calrericulin 

ELISA: enzyme-linked immunosorbent assay 

£R: endoplasmic reticulum 

GRP: glucose-regulated protein 

hY RNA: human cytoplasmic RNA 

LE: lupus erythematosus 

NLE: neonatal lupus erythematosus 

PDI: protein disulfide isoraerase 

RNP: ribonucleoprotein 

SCLE: subacute cutaneous lupus erythematosus 

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

UV: ultraviolet 

VSV: vesicular stomatitis virus 



CLINICAL SIGNIFICANCE OF THE Ro/SS-A 
ANTIGENS AND ANTIBODIES 

The Ro/SS-A antigens are of clinical interest in that antibodies 
directed against them are found in the majority of patients with 
primary Sjogren's syndrome, subacute cutaneous lupus erythemato- 
sus (SCLE), neonatal lupus erythematosus (NLE), anti-nuclear anti- 
body (ANA) negative lupus erythematosus (LE), and systemic LE- 
like disease secondary to homozygous C2 or C4 complement 
deficiency [4-9]. Substantial evidence indicates that they play a 
major role in the pathogenesis of disease [10,11]. The strongest 
evidence comes from observations in patients with NLE. Pregnant 
mothers with circulating Ro/SS-A autoantibodies can pass them 
across the placenta to their fetus. The fetus can develop congenital 
heart block, hepatic inflammation, and thrombocytopenia from tis- 
sue injury presumably caused by these antibodies [12,13]. Addition- 
ally, shortly after birth and perhaps triggered by ultraviolet (UV) 
light exposure, these infants can develop skin lesions clinically and 
lustopathologically similar to those of SCLE [12]. In several 
months, as the maternally acquired antibodies are cleared from the 
infant's circulation, the skin lesions resolve [12]. 

Investigative work has provided additional evidence that Ro/SS- 
A antibodies may be pathogenic. Ro/SS-A antibodies administered 
intravenously to immunodencient mice engrafted with human skin 
bind preferentially in and about the human basal kcratinocytes [14]. 
This binding is augmented by UV light exposure. This pattern of 
immunoglobulin deposition is identical to that found in biopsies 
from NLE and SCLE skin lesions. 

CHARACTERIZATION OF THE Ro/SS-A ANTIGENS 

Since Clark et al first demonstrated the presence of Ro/SS-A au- 
toantibodies by immunodiffusion studies in 1969[l], we have 
learned a great deal more about their target antigens. 

In 1981 Lerner et al demonstrated that human Ro/SS-A autoim- 
mune sera immunoprecipitated a novel class of small RNAs that 
they designated the human (h) cYtoplasmic (Y) RNAs or hY RNA 
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[1 5]. In 1984 Wolin and Steitz shewed that this hY RNA immuno- 
precipitation resulted from the binding of Ro/SS-A autoantibodies 
to a 60-kD protein to which the hY RNAs were apparently linked 
[16). From 1984 until 1988 it was generally thought mat Ro/SS-A 
autoantibodies were directed at a single 60-kD protein. However, in 
1988 Ben-Chetrit et al demonstrated a novel 52-kD Ro/SS-A anti- 
gen by immunoblot analysis that was immunologically distinct 
from the 60-kD antigen [17]. In 1989 Rader et al demonstrated four s 
immunologically distinct antigens that react with monospecific 
Ro/SS-A autoimmune sera [18]. Over the past four years genes 
encoding 60-, 46-, and 52-kD autoantigens have been isolated. 

60-kD Ro/SS-A In 1 988 Deutscher et al reported the cloning of 
a 60-kD Ro/SS-A antigen from a human placental complementary 
(cDNA) library [19]. In 1989 Ben-Chetrit et al [20] reported the 
cDNA sequence cloned from a human T-cell leukemia cDNA li- 
brary that appeared to be a homologous gene or a differentially 
spliced version of the gene characterized by Deutscher et al 
Dcutscher's and Ben-Chctrit's sequences both encoded a 60-kD 
protein that was identical except for several amino acids at the 
carboxy-terminus. Both amino acid sequences contain a zinc finger 
motif and a sequence motif common to RNA binding proteins 
[19,20]. Zinc fingers are thought to serve as a site of nucleic acid 
binding or protein binding [21]. 

There is no extensive sequence homology between the 60-kD 
protein and other published protein sequences; however, six seg- 
ments of this protein have limited homology to different portions of 
a vesicular stomatitis virus (VSV) nucleocapsid protein [22], Five of 
these homologous regions have significant reactivity to human Ro/ 
SS-A autoimmune sera by enzyme-linked immunosorbent assay 
(ELISA), which suggests that an immune response initially directed 
at the VSV protein or a similar viral protein might cross-react with 
the 60-kD Ro/SS-A protein by way of its cross-reacting epitopes, 
VSV is not known to be particularly pathogenic in humans, but the 
data suggest that this VSV protein or a similar viral protein might 
elicit the Ro/SS-A autoimmune response. This is an example of 
"molecular mimicry'* where a microbial protein is thought to trig- 
ger an immune response that cross-reacts with a self-antigen [23J. 

46-kD Ro/SS-A Our group isolated a cDNA from an Epstein- 
Barr virus transformed human B-cell line that encodes a protein 
reactive with human Ro/SS-A autoimmune sera [24]. The encoded 
46-kD protein migrates aberrantly at 60 kD by sodium 
dodecylsulfate-polyacrylamidc gel electrophoresis (SDS-PAGE). 
The amino acid sequence of this 46-kD molecule reveals a hydro- 
phobic leader sequence at its amino tenninal typical of molecules 
transported into the endoplasmic reticulum (ER), and a KDEL car- 
boxy terminal sequence that is classic for proteins that are retained in 
the ER [24,27]. This sequence is extremely homologous to murine 
and rabbit CR (94% and 92%, respjectively) [28]. CR is a calcium- 
binding protein that resides in the endoplasmic and sarcoplasmic 
reticulum [29]. From this high degree of sequence homology and 
other data it has been concluded that the 46-kD molecule is human 
CR [28,30]. 

Recent evidence indicates that CR may be coordinately expressed 
with the glucose-regulated protein (GRP)78, GRP94, and protein 
disulfide isomerase (PDI) genes [31]. The protein products of all 
four of these genes are hignly acidic, localize to the ER, and bind 
calcium [32], GRP78 and GRP94 are highly homologous to heat- 
shock proteins [33,34]. Both of these proteins and PDI are thought 
to play a major role in protein assembly within the ER [33-35]. 
Thus, by implication, CR may also play a role in protein assembly. 

It is also interesting to note that patients infected with Onchocerca 
volvulus, a filarial nematode that causes river blindness, sclerosing 
lymphadenitis, and dermatologic disease in humans residing in parrs 
of Africa and Central America, have antibodies directed against the 
Ral-1 antigen, which is highly homologous to CR [28,36]. Al- 
though patients with this nematode are not at increased risk for 
developing Sjogren's syndrome or LE, this homology between CR 
and a filarial protein raises the possibility that a foreign Ro/SS-A 
protein equivalent might trigger the autoimmune Ro/SS-A anti- 



body response seen in some patients with Sjogren's syndrome and 
several LE-related disorders. Drosophila mtlanogastcr and the marine 
snail Aplysia californica have molecules similar to CR [28]. 

Work recently presented by other laboratories has now con- 
firmed our initial suggestion, that calreticulin is a rheumatic 
disease -associated autoantigen [37,38]. One group has found that 
an Escherichia colt recombinant form of human calreticulin reacted 
by ELISA with 40% of the scrum samples from unsclected SLE 
patients [37], whereas another group found 33% of their SLE sera to 
react with the same form of recombinant CR by Western blot [38]. 
Curiously, neither group found a significant correlation between 
anti-CR and anti- Ro/SS-A autoantibody levels in their SLE patient 
sera. 

We have reason to believe that post-translational modification 
such as phosphorylation, perhaps through the augmentation of 
hY RNA binding, could also be relevant to the configuration of CR 
that is recognized by Ro/SS-A autoantibodies. Non-mammalian 
forms of recombinant CR are unlikely to possess the same pattern of 
RNA binding or phosphorylation that is displayed by the native 
configuration of CR present in mammalian cells. The concern that 
CR may not be a component of the Ro/SS-A RNP complex stems 
from the fact that recombinant forms of CR both in our laboratory 
(personal unpublished observation) and in others [37,38] do not 
display the same degree of reactivity with Ro/SS-A autoantibodies 
that has previously been demonstrated with native human CR puri- 
fied from human Wil-2 cells. We now have evidence that the 
protein-RNA binding site present on a subpopulation of CR mole- 
cules that bind hY RNA contributes to the structure that is being 
recognized by human anti-Ro/SS-A autoantibodies [39]. 

52-kD Ro/SS-A Chan et al and Itoh et al independently isolated 
the same cDNA sequence from two different human T-cell cDNA 
libraries that encodes a 52-kD protein reactive with human Ro/SS- 
A autoimmune sera [40,41]. The amino acid sequence predicted by 
this cDNA contained leucine zipper and zinc finger binding motifs 
and also had significant homology with the human ret transforming 
protein and the murine T-cell regulatory protein rpt-1, which are 
thought to play a role in gene regulation[40,41]. These sequence 
motifs and homologies suggest that the 52-kD Ro/SS-A molecule 
may be involved in gene regulation and thus probably resides in the 
nucleus. 

There are no significant sequence homologies between the 60-, 
46-, or 52-kD antigens (Table I). Despite the knowledge gained 
from analyzing the encoded amino acid sequences of each Ro/SS-A 
cDNA, there still remain a number of unanswered questions that 
several investigators have started to address. 

Are These Antigens Structurally Associated and What Art Their Relation- 
ships to the hY RNAs? Ro/SS-A autoimmune sera from patients 
with LE and Sjogren's syndrome immunoprecipitate four 
hY RNAs (hYl,3,4, and 5) from human cell extracts [15] (see 
Fig 1). Antisera specific for either a 52-kD or a 60-kD protein have 
been shown to immunoprecipitate the hY RNAs from cellular ex- 
tracts. However, in one study whenever 52-kD specific antibodies 
(not reactive to the 60-kD antigen by immunoblot analysis) were 
used, the hY RNAs and 52-kD protein were precipitated along 
with a small amount of 60-kD protein [17]. Thus it is not certain 
whether 1) the 52-kD species binds the hY RNAs directly; 2) the 
52-kD protein is indirectly associated with the hY RNA through a 
direct association with a 60-kD h Y RNA binding protein; or 3) the 
antibodies that appeared specific for the 52-kD antigen by immun- 
oblot may recognize a cross-reactive epitope on the native Ro/SS-A 
ribonucleoprotein (RNP) particle. 

Deutscher et al have demonstrated that the 60-kD Ro/SS-A pro- 
tein directly associates with hY RNAs in reconstitution studies [1 9]. 
There is some evidence that CR associates with the hY RNA as 
suggested by UV cross-linking studies [24], immunoprecipitation of 
hY RNA by affinity-purified CR antisera [24], and the fact that 
onchocerciasis patient sera with CR reactive antibodies can immu- 
noprecipitate hY RNA [42]. Additionally, preliminary data indicate 
that rabbit antisera raised against two synthetic peptides corre- 
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sponding to different portions of the CR amino acid sequence can 
precipitate hYRNA [39]. However, the relationships that exist be- 
tween CR and the other molecular constituents of the Ro/SS-A 
RNP particle continue to be debated [38,43,44]. 

Earlier data suggested that Ro/SS-A autoimmune sera precipi- 
tated a 60-kD protein along with the hY RNA and this immiinopre- 
cipitation was dependent on the presence of protein [15]. More 
recently Boire and Craft have identified Ro/SS-A antibodies that 
specifically immunopreripitate hY5 RNA and a 60-kD protein, but 
not the other types of hY RNA [45], They concluded that some 
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Figure 1. hY RNA tmmunoprccipitation. Wil-2 cells, an EBV trans- 
formed B-cell line, were radiolabeled with 32 P-orthophosphoric acid and 
sonicated. The resulting cell extract was incubated with sera and the imtnu- 
noprecipitated material was harvested and subjected to gel electrophoresis 
according to previously established protocols [15]. Lane 1 contains total 
radiolabeled RNA from the extract and serves to provide molecular weight 
standards as indicated to the left of this lane. Lane 2 demonstrates that no 
RNA was immunoprecipitated with normal human serum. Lane 3 is RNA 
immunoprecipitated with human autoimmune sera containing both Ro/SS- 
A and La/SS-B autoantibodies. Lanes 4 and 5 are sera from two different 
patients with Ro/SS-A autoantibodies as defined by double immunodiffu- 
sion. All three sera with Ro/SS-A autoantibodies immunoprecipitated the 
four major types of hY RNA. The very faint unlabeled band in lane 3 
between hYI and hY3 is hY2, a breakdown product of hYI. The Epstcin- 
Barr virus encoded EBER 1 and 2 immunoprecipitate with La/SS-B antibod- 
ies as previously described [56], 



Ro/SS-A autoimmune sera contain autoantibodies directed at a con- 
formational epitope that is expressed only on Ro/SS-A-hY5 RNA 
particles but absent on hYI, 23, and 4 containing particles. 

The 60-kD protein inununoprccipitated in the above studies 
most probably represents the authentic 60-kD protein as its amino 
acid sequence contains a sequence motif typically found in RNA- 
binding proteins, although it is clear that proteins without the clas- 
sic RNA-binding consensus sequence can also bind RNA molecules 
[46,47]. The hY RNAs and Ro/SS-A proteins might exist in a RNP 
multmieric complex similar to the Ul RNPs. One could hypothe- 
size that the zinc finger motif in the 60-kD Ro/SS-A molecule 
might serve as a site for this protein to bind one or more of the other 
Ro/SS-A molecules, whereas the RNA binding motif would serve 
as a site of hY RNA binding. 

Several different investigators have reported different masses for 
the Ro/SS-A RNP particle. Three groups have reported a mass of 
approximately 100 - 150 kD for the Ro/SS-A particle as determined 
by gel filtration [1,48,49], Wolin and Stcitz determined that the 
particle sediments in sucrose at approximately 7S [1 6] . This is equiv- 
alent to - 93 kD, which could be accounted for by the mass of one 
60-kD protein and the average mass of one hY RNA molecule. 
Boire and Craft biochemically rntrmed Ro/SS-A particles and 
found them to partition into three different groups by sucrose sedi- 
mentation gradients [50] . The panicles in two of these groups have a 
mass of approximately 300- 350 kD by gel filtration and tie other 
has a mass of approximately 230 kD. These investigators concluded 
that Ro/SS-A RNP particles are heterogeneous and may exist as 
mdtimeric units consisting of hY RNA, a 60-kD protein, and per- 
haps other polypeptides including the La/SS-B protein [50] (see 
Fig 2). 

Some investigators argue that if a particular protein reactive with 
Ro/SS-A autoantibodies is not part of the hY RNA-bcaring RNP 
complex, then perhaps it should not be called a Ro/SS-A antigen. 
Although this is a matter of semantics, there is a dear need to 
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Figure 2. One model of the Ro/SS-A RNP particle. The proposed rela- 
tionship between hY RNA and the Ro/SS-A and La/SS-B proteins is indi- 
cated The hY RNA are RNA polymerase III transcripts and are thought to 
be at least transiently associated with the La/SS-B protein through binding 
of its uridine rich 3' end. The 60-kD Ro/SS-A protein contains an RNA 
binding motif believed to be the site of hY RNA binding. It is uncertain if 
the 46- and/or 52-kD proteins reactive with Ro/SS-A autoimmune sera or 
other polypeptides are a part of this particle, although there is some evidence 
that the 46-lcD protein is associated with hY RNA- 
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develop a more precise designation for each of these antigens. How- 
ever, it should be remembered that Ro/SS-A antigens were initially 
defined by immunodiffusion assays, not by hY RN A association. It 
has not yet been determined which of the molecules reactive with 
Ro/SS-A autoimmune sera are responsible for the immunoprecipi- 
tate seen in immunodiffusion assays. Rader et al, however, observed 
that non-reducing SDS-PAGE of eluted precipitins from counter- 
immunoelectrophoresis showed the precipitins to be composed of a 
60-kD protein [18]. 

What Is the Cellular Distribution of Each Rd/SS-A Molecule? Some 
investigators have reported predominantly intranuclear localization 
of the Ro/SS-A antigens by indirect immunofluorescence [51-54] 
whereas others have reported cytoplasmic [55-57] or both cyto- 
plasmic and nuclear localization [58,59], Whether this discrepancy 
in subcellular localization is related to the method of cell fixation, 
cell substrate, or the specificity of the Ro/SS-A autoimmune sera 
used has not been fully investigated. 

Koch et al have demonstrated that conventional cell fixation for 
ANA testing does not allow full visualization of proteins, such as 
CR, that reside in the ER [60]. They demonstrated that ER proteins 
can be better visualized by immunofluorescence techniques with 
detergent permeabilization of fixed cells or of unfixed cells that 
have been equilibrated in 9% sucrose [60], 

Isolation of antibodies specific for each Ro/SS-A antigenic poly- 
peptide has allowed more precise cellular localization of the Ro/SS- 
A polypeptides and these results have helped explain the discrepan- 
cies encountered previously with immunofluorescence staining 
using whole Ro/SS-A patient sera, 

Ben-Chetrit et al demonstrated strong punctate nuclear and slight 
cytoplasmic staining of cells with Ro/SS-A autoimmune serum im- 
munoafEnity purified from a 52-kD protein and also with monospe- 
cific anti-52-kD serum (as determined by immunoblot analysis) 
[17]. They reported an mdistinguishahle pattern with Ro/SS-A au- 
toimmune serum immunoaffinity purified from a 60-kD protein 
[17]. There is some evidence that there may be Ro/SS-A antibodies 
that react with an epitope on the native 60-kD RNP antigen that 
cross-react with an epitope on the 52-kD protein [61], Thus one 
might speculate that the 60-kD protein resides primarily in the 
cytoplasm and that nuclear staining results from antibodies that 
recognize a cross-reactive epitope on the 52-kD protein. Prelimi- 
nary ELISA data have revealed that all Ro/SS-A autoimmune sera 
with high-titer antibodies directed against a recombinant 52-kD 
Ro/SS-A protein have given a speckled nuclear ANA pattern of 
fluorescence (personal unpublished observation). The 52-kD Ro/ 
SS-A amino acid sequence reveals motifs and homologies that indi- 
cate that it may be involved in gene regulation and thus would likely 
reside in the nucleus [40,41 ]. Antiserum specific for CR has revealed 
predominantly perinuclear cytoplasmic staining with lesser 
amounts of nuclear staining [62,63]. 

Kato et al have reported that the majority of the hY5 RNA is 
found in the cytoplasmic fraction of HeLa cells [64]. More recently 
Boire and Craft have demonstrated that more than 90% of the 
Ro/SS-A particles were recovered from the cytoplasmic fraction of 
HeLa cells [50]. One should recall that Ro/SS-A antigen was origi- 
nally described as a saline-soluble, "cytoplasmic" autoantigen [1]. 

Is There Any Correlation Between the Type of Ro/SS-A Autoantibodies 
Patients Produce and Their Diagnosis, Disease Course, and/or Response to 
Therapy! Preliminary data suggest that patients with Ro/SS-A au- 
toantibodies might be clinically categorized according to the Ro/ 
SS-A proteins or epitopes their sera recognize. The specificity of the 
maternally acquired Ro/SS-A autoantibodies may determine which 
infants develop NLE. Buyon et al have shown that the predominant 
antibody response in the NLE patient group with acquired heart 
block was directed against the 52-kD Ro/SS-A protein, although 
some patients also had antibodies directed against a 60-kD protein 
[65]. Beh-Chctrit et al have demonstrated that of 51 SLE patients 
who were Ro/SS-A positive by immunodiffusion, 47% had antibod- 
ies that recognized both a 60-kD and a 52-kD protein, 18% had 
antibodies that recognized a 60-kD protein only, and 35% were 
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Figure 3- Ro/SS-A translocation. Agents that may translocate Ro/SS-A 
antigens to the cell surface where they are available to hind circulating 
Ro/SS-A autoantibodies are listed. The likely predominant location of the 
46- and 52-kD antigens are indicated. The location of the 60-kD antigen is 
more uncertain. 



nonreacrive to both [66]. Similarly, they demonstrated that of 47 
Ro/SS-A -positive Sjftgren's syndrome patients, 47% had antibod- 
ies reactive to both a 60-kD and a 52-kD protein, 40% reacted only 
with a 52-kD protein only, and 13% were non-reactive. Unfortu- 
nately the results obtained by both Buyon et al and Ben-Chetrit et at 
were obtained by immunoblot analysis and might not detect con- 
formational epitopes, including epitopes that might be present on a 
multimeric complex. 

Work is currently in progress in several laboratories, including 
our own, to determine those portions of each Ro/SS-A molecule to 
which Ro/SS-A autoantibodies bind and to define further die na- 
ture of conformational epitopes that may exist on an individual 
Ro/SS-A protein or as part of a multimeric structure. Epitope map- 
ping should determine if subsets of Ro/SS-A autoantibody-asso- 
ciated disease can be based on antigenic site-recognition patterns. 
Such subclassincation may have clinical use regarding the patho- 
genesis, diagnosis, and treatment of the Ro/SS-A autoantibody - 
associated diseases. 

What Rjole Do the Ro/SS-A Autoantigem Play in the Pathogenesis of 
SCLE and NLE Skin Disease and How Might Their Cellular Expression 
Be Affected by Factors that May Influence These Two Skin Diseases? A 
number of agents have been shown to influence SCLE and NLE 
disease expression. Some of these agents have been shown to dis- 
place Ro/SS-A antigens to the surface of cells (Fig 3). 

UV lig ht SCLE and NLE skin diseases are frequently exacerbated 
by UV light exposure, primarily of the UVB type (290-320 nM) 
[67,68]. Investigators have demonstrated that UVB light can dis- 

i>lacc Ro/SS-A antigen from within keratinocytes to the celt surface 
69,70], Similar results have recendy been reported for the La/SS-B 
antigen [71]. Such displacement would allow the autoantigen to 
have access to the Ro/SS-A autoantibody binding that could result 
in tissue injury through complement-mediated lysis or antibody- 
dependent cell-mediated cytotoxicity. At this time it is uncertain 
which of the various molecular components of the Ro/SS-A au- 
toantigen complex are affected by UV light exposure. Recent pre- 
liminary studies have indicated that physiologically relevant doses 
of UVB induce both CR gene transcription [72] (personal observa- 
tion) and translation [73]. However, similar doses of UVB did not 
increase cellular levels of the 60-kD Ro/SS-A protein [73]. No 
evidence has yet been presented regarding the displacement of the 
various Ro/SS-A proteins to the cell surface by UV light. 



VOL 100, NO, 1, SUPPLEMENT, JANUARY 1993 



MOLECULAR CHARACTERIZATION OF Ro/SS-A AUTOANTIGEN 77S 



Estroo ensTht hormonal milieu may also play an important role in 
Ro/SS-A- associated disease, as approximately 75% of SCLE pa- 
tients and infants with NLE skin disease are female. Estrogen treat- 
ment of cultured kerarinocytes results in increased expression of 
Ro/SS-A antigens on the cell surface, but it is uncertain which of 
) the Ro/SS-A molecules are so displaced [74]. 
: Heat Some SCLE patients have noted that heat can exacerbate 
cheir skin disease [67], The similarities that CR shares with the heat 
shock - like proteins GRP78 and GRP94 is of interest in this regard 
* There is recent evidence that heat shock - like proteins can be trans- 
located to the cell surface, where they may participate in antigen 
presentation or may he a target for gamma/delta T-cell -directed 
, cytotoxicity (75,76]. 

State of keratinocyte differentiation and proliferation Studies have 
shown that human kerarinocytes grown in low-calcium - 
containing culture media have greater amounts of cytoplasmic Ro/ 

> SS-A antigen as detected by immunofluorescence staining with Ro/ 
SS-A autoimmune sera [59]. It is uncertain which of the Ro/SS-A 
antigens are expressed in greater amounts, however* At lower cal- 

r cium concentrations, cultured keratinocytes are in a less-difFeren- 
tiated, more rapidly proliferating state, more like the basal layer 
keratinocytes [77]. This might explain why the more rapidly prolif- 
erating basal kerarinocytes appear to be preferentially targeted in 

» SCLE and NLE [1 1,78]. Preliminary evidence indicates that CR is 
expressed at higher levels in rapidly proliferating cells (personal 
unpublished observation). 
There is some evidence that CR can be transiently secreted from 

> cells after treatment with calcium ionophores [79], although this 
has not been fully substantiated by others [80]. Recent studies in our 
laboratory employing calreticulin reporter gene constructs have in- 

t dicated that calreticulin transcription is markedly augmented in 
A431 cells following treatment with the calcium ionophore iono- 
mycin [72] (personal unpublished observation}. Additionally, it has 
been suggested that calcium ionophore treatment of cultured 
, human keratinocytes displaces Ro/SS-A antigen to the cell mem- 
brane, although it is uncertain which of the Ro/SS-A antigens is 
(are) so displaced [81]. 

Infection There is considerable evidence that viral infections can 
precipitate or exacerbate autoimmune disease [821. Some work has 
suggested that virally infected cells in culture displace Ro/SS-A 
antigens to the cell surface, similar to the effects caused by UV light 
[83]. Jianhui and Newkirk have recently presented evidence that 
suggests that human cytomegalovirus (CMV) infection increases 
the expression of CR in MRC-5, a human embryonic lung fibro- 
blast line [84]. These studies found that total cellular CR levels 
increased following CMV infection, but the greatest increase in CR 
antigenicity was associated with the plasma membrane. CMV in- 
fection also resulted in increased intracellular levels of the 60-kJD 
Ro/SS-A antigen, but similar increases were not observed hi the 
plasma membrane. Viral infection has also been shown to displace 
the La/SS-B antigen from the nucleus [85]. 

Polymorphism It is not known whether Ro/SS-A proteins are po- 
lymorphic. Preliminary studies have indicated, however, that the 
CR encoding gene is not highly polymorphic in normal individuals 
by restriction fragment length polymorphism analysis [24]. There is 
evidence of at least two forms of the 60-kD Ro /SS-A encoding gene 
[18-20]. Kutsch et al have recently reported variability in Ro/SS-A 
displacement to keratinocyte membranes after treatment with cal- 
cium ionophore or tumor necrosis factor alpha, which they suggest 
might arise from genetic differences in the keratinocyte donors [81]. 
It is possible that certain forms of a Ro/SS-A molecule may be more 
immunogenic, expressed at higher levels, or more easily displaced 
to the cell surface where it could participate in immune-mediated 
injury. 

SUMMARY 

With molecular techniques, we have recently learned that there are 
several immunologically distinct Ro/SS-A antigens. Three putative 
Ro/SS-A genes have been isolated and the encoded proteins from 
these three genes have been found to be quite dissimilar. CR, the 
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Figure 4. Model for a dual effect of vims infection on the Ro /SS-A autoim- 
mune response. Infection with viruses that express molecules structurally 
associated with Ro/SS-A molecular subunits could result in translocation of 
Ro/SS-A antigens to the surface of cells. The immune response generated by 
the virus could then recognize the translocated Ro/SS-A antigens at the cell 
surface and mediate cellular damage through mechanisms such as comple- 
ment-mediated lysis or antibody-dependent cell-mediaced cytotoxicity. 



46-kD protein, appears to reside predominately in the endoplasmic 
rcticulum/cytoptasm, whereas tie 52-kD protein most likely re- 
sides in the nucleus. The structure of the 60-kD protein and at least 
one i mm u n ofluorescence study suggest that it may also reside pre- 
dominantly in the nucleus, although if it is the authentic hY RNA 
binding protein, it should also reside in the cytoplasm. The Ro/SS- 
A RNP particles are heterogeneous multimeric complexes that may 
include more than one Ro/SS-A molecule, hY RNA, La/SS-B, and 
perhaps other currently undefined molecules. 

Two of the putative Ro/SS-A proteins share significant homol- 
ogy with foreign proteins, suggesting that an immune response 
initially directed against a foreign protein, such as a viral protein, 
may give rise to the autoimmune response directed at cross-reacting 
self Ro/SS-A protein. This, plus the possibility that viral infection 
can alter the normal cellular distribution of Ro/SS-A antigens, 
presents the intriguing paradigm illustrated in Fig 4 where virus 
infection might have a dual impart on the Ro/SS-A autoimmune 
response. 

Work is in progress to determine if there is an association be- 
tween which Ro/SS-A molecules and/or epitopes are targeted by 
patient autoimmune sera and patient diagnosis, clinical course, and/ 
or response to therapy. We are hopeful that efforts to characterize 
the structures and functions of the Ro/SS-A antigens will further 
elucidate die pathogenesis of the Ro/SS-A autoantibody-associated 
diseases and aid in the development of better diagnostic and thera- 
peutic modalities for those afflicted. 
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Abstract 

We have identified a novel 6 Q bn nntnantigen ( 1CA69) 

"associate d with insulin-dependent diabetes melli tus (IPOM^ 
by screeningahuman islet XgtH cDN A expression library with 
cytoplasmic islet cell antibody positive sera from relatives of 
IDDM patients who progressed to the overt disease. The de- 
duced open reading frame of the ICA69 cDN A predicts a 483- 
amino acid protein. ICA69 shows no nucleotide or amino acid 
sequence relation to any known sequence in GenBank, except 
for two short regions of similarity with BSA- The ICA69 cDN A 
probe hybridizes with a 2-kb mRNA in poly(A + ) RNA from 
human pancreas, brain, heart, thyroid, and kidney, but not with 
skeletal muscle, placenta, spleen, or ovary. Expression of 
ICA69 was also detected in fi cells and cell lines, as well as in 
tumoral tissue of islet cell origin. The native ICA69 molecule 
migrates to 69 kD in SDS-PAGE as detected with specific anti- 
bodies. Serum samples from relatives of IDDM patients specifi- 
cally reacted with affinity-purified recombinant ICA69 on 
Western blotting. The structural gene for ICA69 was desig- 
nated ICA1. A homologue in the mouse, designated Ica-1 was 
mapped to the proximal end of chromosome 6 (within 6 cM of 
the Met protooncogene). ICA69 adds a novel autoantigen to 
the family of identified islet target molecules, and by the man- 
ner of its identification and characterization large amounts of 
antigen are available for development of quantitative, conve- 
nient predictive assays for autoantibodies and analysis of the 
role of this molecule in diabetes autoimmunity, as well as its 
physiologic function. (/. Clin. Invest 1993. 92359-371.) Key 
words: autoantigens • preclinical diabetes • molecular cloning • 
autoimmunity • ICA69 

Introduction 

There is evidence that insulin-dependent diabetes mellitus 
(IDDM) 1 is a chronic autoimmune disease in which the pres- 
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ence of autoantibodies, such as cytoplasmic islet cell antibodies 
or insulin autoantibodies, can be present years before the clini- 
cal onset of the disease ( I). A common feature of type I dia- 
betes and other autoimmune diseases is a humoral immune 
response characterized by the appearance of autoantibodies 
against cellular proteins, including islet peptides (2-4). Al- 
though all the target antigens in type I diabetes have not been 
identified, several autoantigens associated with the disease 
have been molecularly characterized using different experimen- 
tal approaches, namely insulin (5), glutamic acid decarboxyl- 
ase (GAD) (6) , carboxypeptidase H (7), as well as the glycolip- 
ids GT3 (8) and GM2-1 (9). Recently, cDNA encoding for a 
fragment of carboxypeptidase H (7), a granule-associated en- 
zyme, has been reported to react with sera from prediabettc 
patients and another peptide expressed in a Xgtl 1 phage froma 
human islet library appears to be recognized by IDDM sera 
(10) Cellular proteins of unknown sequence whose molecular 
masses are 38 ( U ), 52 ( 12), and 69 kD ( 13), have also been 
reported to be recognized by a humoral and/or a cellular im- 
mune response. It is of interest that almost all patients with 
type I diabetes have elevated levels oflgG anti-BSA antibodies 
related to a 69,000-M r islet peptide, which may represent a 
target antigen for cow milk-induced islet autoimmunity 
(14,15). 

The present study was undertaken to isolate clones that 
code for some of these or other unidentified autoantigens and 
characterize their molecular structure. Isolation of cDNA 
clones expressing antigenic determinants has been extensively 
used to identify clones coding for autoantigens in different au- 
toimmune diseases ( l6).This approach offers the posabuity of 
identifying and characterizing novel autoantigens that may be 
of restricted cellular distribution as well as low cellular expres- 
sion (17). Such proteins may not be detected by routine 
screening tests such as immunofluorescence or immunoprecipi- 
tation. 

We have used this approach to immunoscreen a human 
islet Xgtl I expression library with a pool of sera from predia- 
betic relatives of IDDM patients, identity, sequence the clones, 
and characterize the expressed proteins. In this report, we de- 
scribe the cloning of a cDNA that encodes a novel islet autoan- 
tigen, whose apparent migration is 69 kD on SDS-polyacryl- 
amide gel chromatography. 

Methods 

Serum samples. Sera were obtained from first degree relatives of pa- 
tients with type I diabetes. AD of them were at high nsk of developing 
IDDM, and some have already progressed to the overt disease on pro- 
spective follow-up. Clinical studies were performed with informed coa- 
sent, as well as approval from the Joslin Clinic and University of Colo- 
rado institutional review boards. All the sera used for the ~«*« 
the human islet Xgtl 1 library expressed high titer of islet cell anuses 
(> 80 Juvenile Diabetes Foundation units). The sera were 
absorbed with a protein lysate of a wild Xgtl 1 phage-. nfected Esche- 
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richia coli strain YI090 ( 18) to remove anti-£. coti antibodies. Ab- 
sorbed antibodies were stored at -20°C in the presence of 0.05% so- 
dium azide until used for immunological screening. Originally, a pool 
of three sera was used to identify positive clones, and subsequently sera 
of three other relatives were studied for reactivity with the positive 
clone. 10 sera of normal individuals were also tested for reactivity with 
the positive clone. Sera from additional prediabetic relatives (subjects 
followed to diabetes onset) (n = 23), autoantibody positive but 
currently nondiabetic relatives (n « 31), and normal controls {n *= 70) 
were tested for reactivity to the expressed molecule on Western blots. 

Xgtl 1 expression libraries. Two Xgt 1 1 libraries were used, a human 
islet library provided by Dr. Alan Permutt (Washington University, St. 
Louis, MO) and a human insulinoma library generated by Alvin C 
Powers (VanderbiU University, Nashville, TN). A human Xgt! 1 islet 
library was constructed from human islet poly (A*) mRNA by Clon- 
tech (Palo Alto, CA), with ~ 1 x 10* plaque-forming units (pfu)/ ml 
and 85% being recombinants. A human insulinoma library was gener- 
ated from insulinoma poly ( A * ) mRNA and then cDNA was produced 
and packaged into the XgtU phage( 19), whh - 1.3 X 10* pfu/ml and 
a recombinant rate of more than 80%. 

Screening of Xgt J I expression libraries with antibody and cDNA 
probes. A phage human islet Xgt 1 1 expression library was screened with 
a pool of sera from preclinical IDDM relatives (20), Isolated recombi- 
nant phages were plated on Luria-Bertani (LB) agar plates (150 mm 
diameter) with £co/< strain Y 1 090 at - 0.5-1 X I0 4 pfu/plate. After 
a 3-h incubation at 42°C, a nitrocellulose niter ( Schleicher & Schuell. 
Keene, NH) saturated with 10 mM isopropyl^>4m(«alactopyrano- 
side (IPTG) (BRL, Grand Island, NY) was overlaid on the agar over- 
night at 37°C to induce the expression of 0-galactosidasc fusion pro- 
teins. After that, the alters were blocked with 1% BSA (Sigma Immuno- 
chemicals, St Louis, MO) in Tris-buffered saline (TBS), incubated 
containing 0.05% Twecn, incubated for 2 h at room temperature), and 
then incubated with 1/500 diluted sera overnight at 4°C. After several 
washes with TBS, the bound antibodies were detected by incubation 
whh anti-human IgG alkaline phosphatase (Cappel Laboratories, 
Durham, NC) diluted 1/100 (2 h at room temperature). A phage 
human islet Xgtl 1 expression library was initially screened with pooled 
sera from three prediabetics. The original positive plaque was replated 
and rescreened sequentially until all progeny of plaques were recog- 
nized by the sera. To determine whether prediabetic sera or controls 
reacted with the product of the clone and to reduce the possibilities of 
false positivhy, plaque-purified recombinant bacteriophage was mixed 
- 1:1 with a wild-type Xgtl 1 and plated with E coti Y1090 as for 
screening. Pieces of nitrocellulose carrying plaque proteins were then 
incubated with individual sera. Reactions were considered positive if 
significant staining of— 50% of the plaques was observed. Intensity of 
staining was estimated to score reactivity of individual sera on a 0 
(negative) to 4+ (strongest) scale. The cDNA insert of the original 
positive clone, termed PM1/1 (Fig. I B) t was used as probe to further 
screen the human islet library and a human insulinoma library by 
plaque hybridization (21) to obtain several longer and overlapping 
cDNA clones. The probe was labeled with la ,2 PldCTP by random 
priming (2 1, 22) using Klenow fragment (Amersham Corp., Arlington 
Heights, IL) and used to rescreen the libraries. 

Amplification of Xgtl 1 cDNA insert and cloning. The Xgtl I cDNA 
insert from the positive clones was amplified by PCR (23, 24) using 
Xgtl I primers complementary to the 0-gaIactosidase portion of the 
Xgtl I template (primer 1218: 5 '-GCTGGCGACG ACTCCTGGAGC- 
CCG-3'; primer 1222: 5 -TTG ACACCAGACCAACTGGTAATG-3', 
New England Biolabs, Beverly. MA). Reaction mixtures for PCR (0.1 
ml) contained cDNA template. 100 pmo! each of the primers, and 2.5 
U of Taq I DNA polymerase ( Perkin-EImer Cetus Instruments, Nor- 
walk, CT) in 10 mM Tris/HCl, pH 8.3, 50 mM KCl 1.5 mM MgCI, 
containing dNTPs at 0.2 mM each and 0.01% gelatin. Reactions were 
carried out in a thermal cycler ( Perkin-Elmer Cetus) for 30 cycles of 
denaturation (92°C, I min). annealing (60°C, 1.5 min), and elonga- 
tion (72°C, 1 min). After Eco Rl digestion and fractionation on 1% 
agarose gel stained with ethidium bromide to visualize the PCR prod- 
ucts, the product of interest was excised, purified, and subcloned into 



the Eco RI site of pBluescript 11 vector. This vector was used to trans- 
form E. Colt strain XL I Blue, and to sequence the PCR products across 
its polylinker arms ( Stratagene, La Jolla, CA ) . cDN A samples for PCR 
were obtained from phage suspension. 

DNA sequencing and computer analysis of nuc/eic acid and protein 
sequences. Nucleotide sequences were determined by usi ng the dideoxy- 
nucleotide chain termination method of Sanger et al. (25), using T7 
DNA polymerase (Sequenase; United States Biochemical Corp., Cleve- 
land, OH ). To avoid compression in G + C-rich sequences, additional 
sequencing reactions were performed with dITP alternating with 
dGTP(26). 

Sequences were aligned and analyzed using the EUGENE, SAM, 
PIMA.SH, and PROSITE programs. The GenBank ( DNA and Amino 
Acid Databank) was searched for similarities, and the PLSEARCH 
program analyzed for protein sequence patterns derived from the se- 
quences of homologous protein families (Molecular Biology Comput- 
ing Research Resource, Dana Farber Cancer Institute, and Harvard 
School of Public Health, Cambridge, MA). Hydropathy plots from the 
deduced amino acid sequence were prepared as described by Kyte and 
DoolrtUe (27, 28) and Klein et aL (29). 

Cell lines. Cells were used at late log phase, when almost all were 
viable. RIN 1046-38, derived from a rat insulinoma (kindly provided 
by Christopher Newgard, Southwestern Medical Center, University of 
Texas, Dallas, TX), were cultured in DME supplemented with 10% 
FBS, and 5.6 mM glucose in a humidified atmosphere of 10% C0 2 / 
90%airat37°C(30)./STC-l andaTC-l were derived from progeny of 
transgenic mice expressing SV40 large T-antigen under control of the 
rat insulin II 5 -flanking region or rat preproglucagon 5'-flanking re- 
gion respectively (31-33). The 0TC-1 and aTC-6 cell lines were main- 
tained in DME supplemented to a final concentration of 16.5 mM 
glucose and supplemented with Eagle's MEM, nonessential amino 
acids component, 44 mM sodium bicarbonate, 15 mM Hepes, 50 fi%f 
liter gentamicin sulphate, and 10% heat-inactivated FBS in a humidi- 
fied atmosphere of 5% COj/95% air. HIT cells, derived from a hamster 
insulin producing cell line (34), were grown in 5% C0 2 /95% air in 
RPMI 1640 medium containing 10% PCS and 11.1 mM glucose. HeLa 
cells ( ATCC CCL 2.2; American Type Culture Collection, Rockvffle, 
MD) (35), J EG cdls(human choriocarcinoma; ATCC HTB 36 )(36), 
and HepG2 cells ( human hepatoma; ATCC HB 8065 ) ( 37) were main- 
tained in RPMI 1640 supplemented with 1 0% FCS, 2 mM L-glutamine 
and 5 Mg/ml gentamicine sulfate in 10% CO2/90% air incubator. A 
human islet carcinoid cell line designated BON- 1 (provided by Dr. 
Cortney Townsend, Department of Surgery, University ofTexas Medi- 
cal Branch, Galveston, TX) was maintained in DME with 10% heat-in- 
activated FCS and 5.6 mM glucose in a humidified atmosphere of 10% 
CO 2 /90%air. 

RNA isolation and Northern analysis. Total RNAs and poly(A + ) 
RNAs from various tissues and cell lines were prepared by the guani- 
dinium isothiocyanate method, enriched for the polyadenylated(poly- 
A) fraction with an o I igo(dT) -cellulose column and analyzed on 
Northern blots according to standard procedures ( 38). The hybridiza- 
tion was carried out for 18 h at 42°C in the prehybridization buffer 
(50% formamide, 5x SSPE [IX SSPE consists of 150 mM Nad, 10 
mM sodium phosphate, and I mM EDTA, pH 7.4]), 5x Denhardt's 
solution. 100 A*g/ml denaturated salmon sperm DNA. and 0. 1% SDS) 
(18) containing [rt^PJdCTP labeled cDNA purified probe. The 
probes consisted of either a 0.95-kb fragment from the original PMI/1 
positive clone identified, or a 1.78-kb gt 1 1 insert from an overlapping 
clone; 100 ng of each probe was labeled by the random priming 
method. 100 ng of a 2-kb human 0-actin cDNA was used as control 
probe (39). The fresh hybridization solution contained the denatured 
radiolabeled DNA probes at a concentration of 2-4 X I0*cpm/ml with 
a specific activity * 5 X 10' cpm/^g( 18, 40). The nitrocellulose filters 
were washed in three changes of 2x SSC and 0.05% SDS at room 
temperature each time. The final three washes were carried out in 0. 1 x 
SSC and 0. 1% SDS from room temperature to 65°C depending upon 
the stringency conditions required for each experiment. Filters were 
exposed to Kodak film at -80°C with intensifying screens. Ribosomai 
bands were used as size markers (41. 42). 
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Preparation ofanti-ICA69 antibodies from synthetic peptides and 
from the purified molecule. Rabbit antibodies were produced using syn- 
thetic peptides from the deduced amino acid sequence as well as the 
ICA69 recombinant expressed molecule. Rabbits were immunized in 
order to generate antibodies against specific domains (28, 43). Two 
regions of the molecule, one corresponding to the COOH terminus, 
residues 471-483: GKTDK.EHELLNA, and one to an internal poly- 
peptide close to the COOH terminus, residues 458-470: 
ADLDPLSNPDAV, and the serum generated against the whole mole- 
cule, were used and found to yield antisera which reacted with the 
native 1CA69 molecule on Western blots (44). The synthetic polypep- 
tides were coupled to a carrier protein, keyhole limpet hemocyanin 
linked to bromoacetyl bromide. Five female New Zealand white rab- 
bits were immunized with 1 mg of the keyhole limpet hemocyanin- 
peptide conjugate suspended in 1 ml of complete Freund's adjuvant. 
Rabbits were boosted three times with 1 mg of the specific polypeptide 
in incomplete Freund's adjuvant at 30-d intervals and serum samples 
were collected and stored in aliquots at -20°C An EL1SA was used to 
detect specific anti peptide antibodies. 

Indirect EUSA. Indirect ELISA was performed for the detection of 
specific antibodies generated in rabbits against ICA69 polypeptides 

(45) . 1 of specific polypeptide was used to coat each well of a micro- 
tiler plate (Immulon; Dymatech Laboratories, Inc., Chantilly, VA) 

(46) , and after blocking residual binding of the plate with a PBS solu- 
tion containing 1% BSA for 2 h, appropriate dilutions of rabbit pre- and 
postimmune sera were added to each well ( 1:100-I:32JD00) and incu- 
bated overnight All dilutions were tested in triplicate. After washing 
away unbound antibodies, a solution containing anti-rabbit IgG 
(whole molecule) peroxidase conjugate (Sigma Immunochemicals) as 
developing reagent was added to the wells. After 2 h incubation, un- 
bound conjugate was washed away and a substrate solution (o-phenyl- 
enediamine di hydrochloride) (Sigma Immunochemicals), was added. 
A specific hyperimmune serum raised to another polypeptide ( PEP-80, 
of the IRS-1 molecule kindly provided by Dr. M. White, Joslin Dia- 
betes Center) (47 ) and preimmune sera from normal rabbits were used 
in each assay as positive and negative controls respectively. The optical 
density of the solutions in the wells was measured with a spectropho- 
tometer through a 405-nm filter. 

SDS-PAGE and immunoblolting. Cell tine extracts and total ho- 
rn ogenates of rat brain tissues were prepared as described by Laemmli 
(48 ). Cell tine extracts and total-homogenate proteins were separated 
by SDS-PAGE using a constant voltage of 1 80 V for 4 h through stack- 
ing and the resolving gel. Bromophenol blue was included in the sam- 
ple buffer to visualize buffer front. A mixture of individually colored 
and purified proteins were used as protein standards ( Rainbow® Pro- 
tein Molecular Weight Markers, Amersham Corp.): myosin, mol wt 
200,000, blue; phosphorylase b, mol wt 97,400, brown; BSA, mol wt 
69,000, red; ovalbumin, mol wt 46,000, yellow; carbonic anhydrase, 
mol wt 30,000, orange; trypsin inhibitor, mol wt 21,000, green; and 
lysozyme, mol wt 14,300, magenta. Homogenatc protein concentra- 
tions were determined by Lowry's method (Pierce Chemical Co., 
Rockford, I L) and 4-50 jtg of proteins per lane ( depending on the size 
of the PAGE) were run on a 10% SDS-PAGE under reducing condi- 
tions. Proteins were then transferred onto nitrocellulose according to 
Towbin et at. (49) in transfer buffer ( 12.5 mM Tris, 96 mM glycine, 
20% methanol) for 1 h on a semi-dry electrophoretic transfer cell at 15 
V. The nitrocellulose was cut into strips, and incubated for 2 h at 37°C 
in 5% (wt/vol) nonfat dried milk diluted in PBS (Blotto buffer) to 
block the nonspecific binding sites. The nitrocellulose strips were then 
incubated with a 1:100 dilution of a rabbit anti-ICA69 antiserum and 
then washed in 5% (wt/vot) nonfat dried milk diluted in PBS adding 
Tween 20 to a final concentration of 0.01%. After incubation of the 
filters at room temperature for 2 h with l23 I-Protein A (Amersham 
Corp.) to detect the rabbit anti-lCA69 antibodies, unbound ,25 I-Pro- 
tein A was removed by washing as described above. Blots were exposed 
to Kodak film at -80°C with intensifying screens for 12-24 h. 

Expression of the recombinant ICA69. PM1/3 clone cDNA was 
amplified by PCR. The PCR product was generated using a primer 
spanning the PM1 /3 start codon and encoding the first eight amino 



acids ( 5 -TC AGG ACACA A ATGC AGTTATCCC-3 ') , and a primer 
containing the codon sequence for the last seven amino acids, a transla- 
tional stop codon and a Hindlll restriction site ( 5 -TTT AAGC 1 1 1 CA- 
TGCATTG AGCA ATTCGTGTTC-3') . The pM AL-c vector (50,51). 
which encodes for maltose binding protein as product of the malE 
gene, was cut with StuI and Hindlll restriction enzymes and ligated 
with the PMl /3 PCR product. The constructs were then transfected 
into the appropriate E. coli, strain TB 1 ( 52) . Ampicillin-resistant colo- 
nies were grown overnight in 3 ml LB medium containing 100 pg/ml 
ampiciltin. 1 00 /xl of TB 1 pMAL-c-PM 1 / 3 transformants were diluted 
in 1 ml LB/ampicillin medium and grown 1 h at 37 Q C followed by 
induction with 1 mM IPTG for 2 h. Lysates were prepared by centrifu- 
gation of 200 pi bacterial cultures for I min and boiling the cell pellet 
with 50 n\ SDS sample buffer with 5% mercaptoethanoL After SDS- 
PAGE of lysates ( 10 jd) with and without IPTG induction, gels were 
stained with Coomassie blue. One colony expressing a protein whose 
molecular mass migrated ~ 105 kD was identified, and the correct size 
of the insert was confirmed by restriction analysis. 

Another vector system was used to express the purified recombi- 
nant ICA69 protein without maltose binding protein. The coding re- 
gion of the PM1/3 cDNA done, was amplified by PCR using the 
primers 5'-GAAGGATCCATGTCAGGACACAAATGCAG-3' and 
5 '-GGTCTCXj AGTCATGCATTGAGCAATTCGTG-3 ' and cloned 
into the BamHI and Xhol sites of the expression vector 
pTrc99 A ( His*) . This vector was constructed by insertion of a synthetic 
DNA fragment encoding six histidines ( [CAC j 6 ) into the polylinker of 
pTrc 99A (53). Recombinant proteins were tagged with six histidine 
residues at the NH 2 terminus. The plasm id construct was transformed 
into £ co/i-Tgl and protein expression was induced by the addition of 
IPTG to the culture medium. After 2 h at 37X, bacteria were lysed in 
100 mM Tris pH 8.0, 6 M GuHCl, and 10 mM DTT, and insoluble 
material was removed by centrifugation at 40,000 g for 30 min. Recom- 
binant (His)(-ICA69 was purified using Ni-NTA-agarose (Qiagen, 
Chatswonh, CA) in the presence of 6 M GuHQ, 1 mM DTT buffer. 
The correct size of the ICA69 cDNA in the vector was confirmed by 
sequencing. 

Lysates containing ICA69 and maltose binding protein fusion pro- 
tein, as well as the purified recombinant ICA69, have been used as 
source for performing Western blots with control sera such as rabbit 
anti-lCA69 sera (pre- and postimmune) , human control sera, and pre- 
diabetic sera at a dilution 1:100. Optical density of the bands corre- 
sponding to the ICA69 fusion protein and the affinity-purified ICA69 
has been evaluated to quantitate the reactivity of the serum samples to 
ICA69 using a video densitometer (Bio Rad Laboratories, Hercules, 
CA), and the results were expressed as relative densitometric units. 

Immunohisiochemistry. Immunohistochemistry has been per- 
formed in formalin fixed rat pancreas paraffin embedded sections (4 
fim thickness). A double immunoenzymatic labeling of rat islet cellu- 
lar constituents has been performed ( 54, 55 ) using as detection system 
horseradish peroxidase anti peroxidase (PAP) and alkaline phospha- 
tase-antialkaline phosphatase (APAAP). The PAP immune complex 
served for the identification of ICA69. whereas the APAAP complex 
for the identification of insulin, glucagon and somatostatin. After re- 
moval of paraffin and rehydratation of tissue, the pancreas sections 
were first treated with an hydrogen peroxidase solution to suppress 
possible endogenous peroxidase activity. This was followed by an incu- 
bation with normal serum to quench nonspecific protein binding to 
certain tissue elements, and then the sections were incubated with a 
primary antibody mixture (rabbit anti-ICA69 antibody generated to 
the whole molecule, and a mouse mAb generated insulin [HPI-005] to 
glucagon [GLU 001], or anti-ICA69 and a mouse mAb generated to 
somatostatin (SOM 018] [Novo Nordisk, Denmark]) for 30 min at 
room temperature. Unbound antibodies were washed with TBS. Anti- 
body to target antigens (primary antibody), antibody to the primary 
antibody (link antibody: swine anti-rabbit for ICA69, or goat anti- 
mouse for antiinsulin, antigtucagon or antisomatostatin mAbs), 
APAAP and PAP reagents ( Dako Corp., Santa Barbara, CA) were ap- 
plied sequentially for simultaneous double staining. The color develop- 
ment was stopped by washing the slides thoroughly in deionized water. 
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CCCGCGGGGGATACCCCAGGAGATCGGGGTCGACCAGAGACCCCGCCCAGTAGAGAGAGAGAAACTCA^ -178 
C AAGGTTATAAT AT AACTTATC CTCTCATG C T r i " l^T CCTGCCC^TTCTCCCCAAATCATCAACAATAG AAGAAG AAG AAAAC ATG TCA GGA CAC 12 

Met Ser Gly His 4 



AAA TGC AGT TAT CCC TGG GAC TTA CAG GAT CGA TAT GCT CAA GAT AAG TCA GTT GTA AAT AAG ATG CAA CAG AGA 
Lys Cys Ser Tyr Pro Trp Asp Leu Gin Asp Arg Tyr Ala Gin Asp Lys Ser Val Val Asn Lys Met Gin Gin Arg 

AMD CK2 
TAT TGG GAG ACG AAG CAG GCC TTT ATT AAA GCC ACA GGG AAG AAG GAA GAT GAA CAT GTT GTT GCC TCT GAC GCG 
Tyr Trp Glu Thr Lys Gin Ala Phe lie Lys Ala Thr Gly Lys Lys Glu Asp Clu His Val Val Ala Ser Asp Ala 

GAC CTG GAT GCC AAG CTA GAG CTG TTT CAT TCA ATT CAG ACA ACC TCT CTG GAC TTA TCG AAA GCA ATT GTA CTC 
Asp Leu Asp Ala Lys Leu Glu Leu Phe His Ser He Gin Arg Thr Cys Leu Asp Leu Ser Lys Ala lie Val Leu 

CK2 

TAT CAA AAG AGG ATA TGT TTC TTG TCT CAA GAA GAA AAC GAA CTG GGA AAA TTT CTT CGA TCC CAA GGT TTC CAA 
Tyr Gin Lys Arg He Cys Phe Leu Ser Gin Glu Glu Asn Glu Leu Gly Lys Phe Leu Arg Ser Gin Gly Phe Gin 

PKC 

GAT AAA ACC AGA GCA GGA AAG ATG ATG CAA GCG ACA GGA AAG GCC CTC TGC TTT TCT TCC CAG CAA AGG TTG GCC 
Asp Lys Thr Arg Ala Gly Lys Met Met: Gin Ala Thr Gly Lys Ala Leu Cys Phe Ser Ser Gin Gin Arg Leu Ala 

PKC 

TTA CGA AAT CCT TTG TGT CGA TTT CAC CAA GAA GTG GAG ACT TTT CGG CAT CGG GCC ATC TCA GAT ACT TGG CTG 
Leu Arg Asn Pro Leu Cys Arg Phe His Gin Glu Val Glu Thr Phe Arg His Arg Ala He Ser Asp Thr Trp Leu 

ACG GTG AAC CGC ATG GAA CAG TGC AGG ACG GAA TAT AGA GGA GCA CTA TTA TGG ATG AAG GAC GTG TCT CAG GAG 
Thr Val Asn Arg Met Glu Gin Cys Arg Thr Glu Tyr Arg Gly Ala Leu Leu Trp Met Lys Asp Val Ser Gin Glu 

CTT GAT CCA GAC CTC TAC AAG CAA ATG GAG AAG TTC AGG AAG GTG CAA ACA CAA GTG CGC CTT GCA AAA AAA AAC 
Leu Asp Pro Asp Leu Tyr Lys Gin Met Glu Lys Phe Arg Lys Val Gin Thr Gin Val Arg Leu Ala Lys Lys Asn 



87 
29 



162 
54 



237 
79 



312 
104 



387 
129 



462 
154 



537 
179 



612 
204 



TTT GAC AAA 


TTG AAG 


ATG 


GAT 


GTG 


TGT 


Phe Asp Lys 


Leu Lys 


Met 


Asp 


Val 


Cys 



CAA AAA GTG GAT CTT CTT GGA GCG AGC AGA TGC AAT CTC TTG TCT CAC 
Gin Lys Val Asp Leu Leu Gly Ala Ser Arg Cys Asn Leu Leu Ser His 

ATG CTA GCA ACA TAC CAG ACC ACT CTG CTT CAT TTT TGG GAG AAA ACT TCT CAC ACT ATG GCA GCC ATC CAT GAG 
Met Leu Ala Thr Tyr Gin Thr Thr Leu Leu His Phe Trp Glu Lys Thr Ser His Thr Met Ala Ala He His Glu 
PKC PKC CK2 

AGT TTC AAA GGT TAT CAA CCA TAT GAA TTT ACT ACT TTA AAG AGC TTA CAA GAC CCT ATG AAA AAA TTA GTT GAG 
Ser Phe Lys Gly Tyr Gin Pro Tyr Glu Phe Thr Thr Leu Lys Ser Leu Gin Asp Pro Met Lys Lys Leu Val Clu 

CK2 

AAA GAA GAG AAG AAG AAA ATC AAC CAG CAG GAA AGT ACA GAT GCA GCC GTG CAG CAG CCG AGC CAA TTA ATT TCA 
Lys Glu Glu Lys Lys Lys He Asn Gin Gin Glu Ser Thr Asp Ala Ala Val Gin Glu Pro ser Gin Leu He Ser 

AMP PKC CK2 

TTA GAG GAA GAA AAC CAG CGC AAG GAA TCC TCT AGT TTT AAG ACT GAA GAT GGA AAA AGT ATT TTA TCT GCC TTA 
Leu Glu Glu Glu Asn Gin Arg Lys Glu Ser Ser Ser Phe Lys Thr Glu Asp Gly Lys Ser He Leu Ser Ala Leu 
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912 
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987 
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GAC AAA GGC TCT ACA CAT ACT GCA TGC TCA GGA CCC ATA GAT GAA CTA TTA GAC ATG 
Asp Lys Gly Ser Thr His Thr Ala Cys Ser Gly Pro He Asp Glu Leu Leu Asp Met 



AAA TCT GAG GAA GGT GCT 
Lys Ser Glu Glu Gly Ala 



TGC CTG GGA CCA GTG GCA GGG ACC CCG GAA CCT GAA GGT GCT GAC AAA GAT GAC CTG CTG CTG TTG AGT GAC ATC 
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Figure /. (a) Complete nucleotide and deduced amino acid sequence of the ICA69 molecule. Underlined are the first upstream in frame stop 
codon ( 7VI.-I ) at nucleotide -75 and the polyadenylaiion signal 29 bp upstream of the poiy( A) tail. Homologous subunits with BSA are in 
boxes. A potential N-linked glycosylation site is indicated by an asterisk. Potential phosphorylation sites arc as follows: PKC (protein kinase C), 
CK.2 (casein kinase II), and AMP (cAMP/cGMP-dependent kinase). A potential amidation site is indicated as AMD. (6) Strategy for se- 
quencing cDNA encoding ICA69 polypeptide and partial restriction map. Sequencing was performed with synthetic oligonucleotide primers, 
and the direction ofsequencing is indicated by arrows. Restriction sites are: A. AccII; B, Bgl El: H, HgiAl; M, Maell; and N, Ndel. The po!y( A) 
tail (.1.-1.1.-1 ) was found in the PM 1 / 3 clone. The coding region is indicated by solid bars and 5' and 3' untranslated regions are represented by 
empty bars. These sequence data are available from Gen Bank under accession number LOl 100. 



the sections were then counterstained with Mayer's hematoxylin. Cov- 
erslips were mounted with an aqueous mounting medium without alco- 
hol (Glicergel; Dako Corp.). 

Mapping of the mouse homologite of lea- J. Presence of a homolo- 
gous locus in the mouse genome {lea- 1) was established by analysis of 
Southern blots of kidney DNA from the NOD (nonobese diabetic) 
mouse digested with a variety of restriction endonucleases and probed 
with the PM 1/1 cDNA insert according to the procedure described in 
detail elsewhere (56). An Xbal restriction fragment length variation 
(RFLV) distinguishing the lea-! locus in the diabetes-susceptible 
NOD/Lt (~ 8 kb fragment) from the related, but diabetes-resistant 
NON/ Lt strain ( — 1 1 kb fragment ) , was used both to assign a chromo- 
somal location and to assess whether a gene conferring susceptibility to 
IDDM was closdy linked to the NOD/ Lt allele of tea- J, Segregation of 
this lea- 1 RFLV was studied in a panel of kidney DNAs prepared from 
1 9 first backcross diabetic mice from an NOD/Lt x NON/U outcross 
previously typed for other DNA markers(57), plus kidney DNAs from 
40 diabetic F2 mice produced in an outcross between NOD/Lt and a 
diabetes-resistant NON/U stock congenic for the diabetogenic H-2 %1 
haplotype of NOD (NON.NOD-H-2* 7 ) (58). A Hindlll RFLV distin- 
guished NOD/Lt ( ~ 8 J kb fragment) from both NON/U and NON- 
NOD-H-2" 7 ( ~ 7.8 kb fragment). Comparison of the lea- J segregation 
pattern with previously typed markers indicated that this locus was 
linked to the Met protooncogenc on proximal chromosome 6. To con- 
firm this putative linkage, segregation of D6Rck2. D6MU1, and 
D6MH16 was assessed by PCR using the oligonucleotide primer se- 
quences described by Dietrich et al. (59). The recombination frequen- 
cies reported represent a weighted average using the information func- 
tion (60). 

Statistical analysis. Differences between groups of relatives and 
controls were analyzed by Wilcoxon rank sum test 

Results 

Isolation ofcDNA clones encoding the ICA69 molecule. A hu- 
man islet Xgtl 1 expression library was immunoscreened with a 
pool of sera From three prediabetic relatives of IDDM patients, 
which contained a high titer of cytoplasmic islet cell antibodies. 
Approximately 0.4 X 10 6 plaques were screened and a single, 
consistently positive 0.95 kb clone, designated PM1/I, was 
identified. Fusion protein from the purified clone induced by 
IPTG, reacted with three out of six ICA positive prediabetic 
subjects* sera (individually tested at 1:500 dilutions of the 
sera), whereas no reaction was obtained with 10 control indi- 
vidual sera. A labeled cDN A probe derived from the PM 1 / 1 
clone was used to screen both a human Xgtl 1 islet library and a 
human insulinoma Xgtll library to obtain the full-length 
cDNA. Screening ~ 6.5 X 10 4 pfu, two additional hybridizing 
and overlapping clones were identified from the human islet 
Xgtll expression library, both of which retained specificity 
after secondary and tertiary screening to 100% purity. DNA 
sequence analysis (see below) confirmed that the dones con- 
tained fragments of the same gene. 

DNA sequence. After PCR amplification and subdoning 
into pBluescript II vector, partial sequence indicates that the 
smallest overlapping clone (PM! /2), whose size is 0.6 kb, re- 
veals sequence totally contained within the original sequenced 
PM1/I insert (Fig. I B). The results of sequencing both cDNA 
strands of the longest clone (PM1 /3), whose size is 1.78 kb, 
indicates complete identity in the region of the molecule over- 
lapping with the two clones and sequence not contained within 
the previous clones. 

Analysis of the nucleotide sequence 1 ,785 bp cDNA reveals 
a 1,449-bp open reading frame coding for 483 amino acids and 
ending in a poly(A) tail 29 bases downstream of the canonical 



polyadenylation signal ( AATAAA). Translation of the ICA69 
message putauvely initiates from the first in frame ATG ac- 
cording to the criteria defined by Kozak (61 ). Upstream from 
the first ATG, there is an in frame stop codon (TAA) at -7 5 bp 
( Fig. I A). The predicted open reading frame from the deduced 
ATG start codon, codes for a protein with an estimated linear 
relative molecular mass of 54,600, which contains one poten- 
tial N-linked glycosylation site. 

Using computer programs to search databases of known 
nucleic add or amino acid sequences, no significant similari- 
ties were found except for minimal homology with BSA, im- 
plying that our sequence was new and unique. Two short re- 
gions of bovine but not human serum albumin precursor ap- 
pear to have similarities with the ICA69 molecule (Fig. 2). 

A hydrophobicity plot generated from the ICA69 inferred 
amino add sequence reveals a number of slightly hydrophobic 
regions, alternating with several very hydrophilic segments, 
which suggests that the molecule does not contain any mem-, 
brane spanning domain, according to the criteria defined by 
both Kyte and Doolittle (27, 28) and Klein et al. (29). The 
segments of hydrophobirity appear not to be long enough to be 
potential transmembrane-spanning regions. The molecule is 
predominantly hydrophilic, with 27% of its amino add resi- 
dues positively or negatively charged. 

Analysis o/ICA69 transcripts in normal and tumor cells. 
The cDNA derived from two dones (PM1/1, PM1/3) was 
used to probe for transcripts in human and animal tissues and 
in several cell lines by Northern analysis ( Figs. 3 and 4) . Probes 
consisting of 0.95 kb (PM I / 1 ) and 1.78 kb (PM1 /3) hybrid- 
ized with a 2-kb mRNA band in islet-derived cell lines, and in 
some tissues, with a 2.7-kb band. Fig. 3 shows a Northern blot 
of ICA69 transcripts in human tissues. A 2-kb poly(A + ) RNA 
band was detected in abundant amounts in both human pan- 
creas and heart, and then in brain, and in small amounts in 
lung, liver and kidney, but not in placenta and skdetal muscle. 
In brain and heart, an additional 2.7-kb band is visible. A 2-kb 
poly( A + ) RNA band was also detected in human thyroid, but 
not in ovary and spleen (not shown). The 0-actin control 
probe hybridized with a 2-kb band in all tissues with different 
intensity, and with a smaller band ( 1 .6 kb) in both heart and 
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Figure 2. Regions of similarities between ICA69 molecule, BSA, and 
human serum albumin precursor (HSA), Solid line encloses identical 
amino acid residues. Dashed line encloses amino acid residues with 
similar charge. Numbers correspond to the amino acid residue num- 
bers. 
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5 >. 5 RNA from different hu- 
1 | g man tissues hybridizing 
« 1 S. with the 0.95-kb cDNA 
insert of the PM 1/1 
done. The poly (A*) 
RNA was obtained from 
Clontech, 2 p% of pure 
poly(A*) RNA from 
each tissue was applied 
and resolved on dena- 
turating gel as described 
under Methods. Lane 
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i 2 3 4 5 6 7 b ' human lung lane 6, hu- 
man skeletal muscle; 
lane 7, human kidney, and lane 8. human pancreas. The same blot 
was rehybridized with a human 0-actin cDNA control probe to show 
that the mRNA was not degraded. Hybridization and washing were 
performed with identical conditions in the two different experiments. 
The blot was exposed for 4 h ( jS-actin cDNA probe) and 24 h (PM I / 
1 cDNA probe) at -80°C with intensifying screen. 



skeletal muscle. This is because £-actin is not expressed in 
equal amount in all tissues and because there are two forms of 
0-actin mRNA in both heart and skeletal muscle (2 and 1 .6 kb) 
(40). The labeled cDNA PM1/I insert hybridizes with a 2-kb 
mRNA band in total RNA from rat pancreas, brain, and cere- 
bellum and kidney (in the last three tissues, also with a 5-kb 
band). In contrast, no ICA69 transcripts were detectable in rat 
spleen, thymus, bowel, lymph nodes, and salivary gland (not 
shown). The heterogeneity of mRNA size among tissues may 
be caused by an alternative splicing of the ICAl gene. As shown 
in Fig. 4, the 2-kb ICAl transcript was detected in total RNA 
from human insulinoma and from a variety of endocrine cell 
lines, such as a human islet carcinoid cell line (BON-1), a 
hamster insulin-producing cell line (HIT), and three rodent 
islet cell lines, namely the rat RIN 1046-38 insulinoma cell 
line, the mouse 0TC-I (producing primarily insulin, but also 
some glucagon, and which shows a transcript after longer expo- 
sure than shown in Fig. 4), and the mouse aTC-6 (glucagon- 



producing clonal line). No ICAl transcripts were detected in 
total RNA from three human nonislet cell lines, namely 
HepG2-hepatoma, HeLa-cells, and JEG-choriocarcinoma 
(Fig. 4). 

Immunoblotting, Western blots of cell line extracts (RIN 
1046-38, BON-1 ) and brain tissue homogenate revealed a spe- 
cific band of 69 kD after incubation with rabbit antibodies 
raised to the COOH terminus of ICA69 and an internal poly- 
peptide. Fig. 5 illustrates that rabbit antiserum (rabbit number 
1 ) raised against the COOH terminus of the molecule specifi- 
cally reacted with a protein of 69 kD in RIN 1046-38 and 
BON-1 (visible after longer exposure than shown in Fig. 5) 
total cell homogenate, but not with HeLa cell line homogenate. 
The specific 69-kD band disappears after absorption with the 
polypeptide against which specific antibodies were produced 
The control serum from the same rabbit before the polypeptide 
immunization does not show any 69-kD reactivity. The same 
specific 69-kD reactivity was also detectable in rat brain total 
homogenate (not shown), and also using hyperimmune sera 
generated to an internal polypeptide as well as antiserum pro- 
duced against the whole ICA69 molecule (see Methods). Since 
the deduced amino acid sequence of ICA69 is 483 residues with 
an estimated relative molecular mass of 54,600, the difference 
between the Western blot size of the protein fractionated in the 
SDS-PAGE and the estimated size based on the deduced 
amino acid sequence is likely caused by an aberrant migration 
of the RIN and the brain tissue proteins in SDS-PAGE as a 
result of detergent solubilization, as previously observed for a 
brain protein of approximately the same sequence deduced 
molecular mass and a similarly discrepant migration on SDS- 
PAGE (62, 63). 

Reactivity of recombinant ICA69 with serum of first degree 
relatives of IDDM patients on Western blotting. To determine 
whether sera from prediabetic subjects reacted with the recom- 
binant ICA69 fusion protein, and then with the purified ICA69 
recombinant molecule, further testing of Western blots was 



Figure 4. Northern blot 
analysis of ICA69 ex- 
pression in human in- 
sulinoma, and rat, ham- 
ster, and mouse trans- 
formed cell lines. A 2-kb 
mRNA is detected in 
total RNA from human 
(H) insulinoma, a hu- 
man islet carcinoid cell 
Une(50VV-/),anam- 
ster insulin-producing 
cell line (HIT), RIN 
1046-38, and the mouse islet lines 0TC-1 (which is visible after longer 
exposure), and «TC-6 (a clonal line producing glucagon). No de- 
lectable mRNA was found in total RNA from three human nonislet 
cell lines: HepG2-hepatoma, HcLa-fibroblast. and JEG-choriocarci- 
noma. Autoradiograph exposure time was 2-7 d. 



Pre-immune Post-immune Post-absorbed 

Figure 5. Rabbit antiserum raised against a COOH-terminal ICA69 
peptide sequence specifically reacted with a protein of 69 kD in RIN 
1046-38 and BON-1 (visible after longer exposure) cell total homog- 
enate but not with homogenate from HeLa ceils. The specific 69-kD 
band disappears after absorption with the polypeptide against which 
specific antibodies were produced. The serum from the same rabbit 
(rabbit number 1 } before the polypeptide immunization does not 
react with the 69-kD band. 
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Figure 6. Anti-ICA69 sera from relatives oflDOM patients recognize a maltose binding protein-ICA69 fusion protein {a and b) and 
affinity-purified recombinant ICA69 without fusion protein (cand d) on Western blots. Fluorograms of (0% SDS-PAGE showing reactivity of 
normal control (C) , prediabetic relatives 1 sera ( PDM ) from preclinical IDDM subjects (at dilution 1: 100) and reactivity of serum samples from 
autoantibody positive relatives (citoplasmic islet cell antibody /insulin autoantibody +/+, +/-) who have not yet developed diabetes. Bands at 
~ 105 kD (arrows) represent the PM 1 /3 done fusion protein as indicated by reactivity with rabbit-anti ICA69 peptide antibody. The ~ 105 
kD bands correspond to the SDS-PAGE migration of the whole fusion protein. Lanes 1-2 (a), samples from the same rabbit (rabbit number 1 ) 
before {Pre- J) and after (Post-i)ihe immunization with the deduced COOH terminus polypeptide of ICA69 (see Methods). Lanes 3-12, serum 
samples from 10 healthy individuals. In b, sera from seven prediabetes (PDM-1 to 7), from two cytoplasmic islet cell antibody+ /insulin au- 
toantibody+ relatives who have not developed diabetes (+/+), from one cytoplasmic islet cell antibody +/ insulin autoantibody negative ( +/ - ) 
and two additional human control sera(C-l 1, C-12). Immunoblois showing reactivity of preclinical IDDM relatives cytoplasmic islet cell anti- 
body-positive serum samples (PDM) with Ni-NTA-agarose purified recombinant (HisMCA69 (c and d). The purified ICA69 was separated 
by a 10% SDS-PAGE, and probed with sera from relatives of IDDM patients, and from controls (at 1:100 dilution). Lanes A 2, and 5 (c) and 
lanes 3 and 6 ( d) show reactivity of sera from relatives of IDDM patients followed to the overt disease ( PDM ) with the 69-kD band. Cytoplasmic 
islet cell antibody /insulin autoantibodies ( +/+ and - /+ ), serum samples from relatives of IDDM patients that have not developed the disease, 
show also reactivity with 1CA69. Note the absence of detectable reactivity with control sera (lanes 6-/2 in c; lanes 4 and 7-/2 in d). All the 
sera from both prediabetes and controls used in the preliminary MBP/PM1/3 clone fusion protein Western blot assay gave consistent results 
using the affinity-purified recombinant ICA69 as source of antigen for performing Western blots (some of the same serum samples, used in the 
immunoblots in a and b t are indicated with the same label in the two sets of immunoblois [Fig. 6, a. b, c and d]). Rabbit hyperimmune sera 
produced against the whole ICA69 and the COOH terminus of the molecule specifically reacted also with the Ni-NTA-agarose purified ( His) 6 - 
ICA69 (not shown). Positions of molecular mass markers {M r X I0" 5 ), and *** 105 kD bands are indicated at right and left edges. The gels were 
exposed for 6-12 h. 



performed. We first assessed whether antiserum raised against 
the COOH terminus and the whole ICA69 molecule, as well as 
the three sera from prediabetics previously reacting with the 
Xgtl I IPTG-mduced PM1/I insert, could react on a Western 
blot with the PM 1 /3 clone expressed as a fusion protein with 
maltose binding protein. The rabbit hyperimmune serum and 
6 out of 10 sera from relatives with IDDM specifically reacted 
with a — 105 kD band ( Fig. 6, a and b) which corresponds to 
the SDS-PAGE migration of the whole fusion protein, whereas 
none of the 12 control sera reacted significantly (quantitating 



the sera reactivity to the— 105 kD band by scanning densitom- 
etry). 

Sera from first degree relatives from patients with insulin- 
dependent diabetes mellttus demonstrated specific binding to 
the affinity purified recombinant ICA69 on Western blotting 
(Fig. 6, cand d, and Fig. 7). Serum samples from 23 relatives of 
IDDM patients who were initially found to be ICA positive and 
then followed to the clinical onset of the disease ( Pre- DM: Fig. 
7), 70 healthy volunteers, serum samples from 13 ICA+/ 
IAA+ (cytoplasmic islet cell antibody*/ insulin autoanti- 
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Figure 7. Quantitative comparison of serum binding to recombinant 
affinity-purified ICA69. Results of Western blots for individual serum 
samples (dilution 1 : 100 ) assayed against purified islet cell autoantigen 
69 kD ( ICA69 ) are shown. Levels of antibody to ICA69 in Pre-DM 
(preclinical IDDM relatives followed up to the overt disease [n 
- 23]); in relatives that have not developed diabetes, but with evi- 
dence of humoral antiislet autoimmunity, namely (cytoplasmic islet 
cell antibody/ antiinsulin autoantibody) ICA+/IAA+ (n = 13), 
ICA+/IAA- (n « 8), and ICA-/IAA+ (n = 10); and io normal 
control subjects (n = 70). The horizontal line represents the value 2 
SD above the pooled mean control values. Anti-ICA69 antibody lev- 
els are expressed as relative densitometric units. 



recombinant in the backcross panel and 5/40 obligate recombi- 
nant in the F2 panel (total of 97 informative meioses). The 
proximal D6MU1 and D6Rck2 markers were separable by the 
finding of three recombinations in 101 informative meioses 
between lea- 1 and D6MUI versus six recombinations in 94 
informative meioses between Ica-I and D6Rck2. The weighted 
average of the interval between Met and D6Mitl was estimated 
to be 3.05±2.29 cM and the interval between D6MU1 and Ica- 
1 to be 3.85+2.20 cM. The finding of 22 recombinations in 74 
informative meiosis between lea- 1 and the more distal marker 
D6MU16 confirms that lea- 1 is proximal to Met. Collectively, 
these data would suggest a gene order of centromere- lea /- 
D6MUI -D6Rck2 -Met-D6MitJ6 as indicated in Fig. 9. Though 
a polymorphism between NOD and NON exists for the lea- 1 
gene, and segregation of the NOD-derived Ica-l allele was not 
significantly associated with diabetes in either the backcross or 
the F2 generation (P > 0.05 by chi square analysis), indicating 
that it was not closely linked to a locus at the proximal end of 
chromosome 6 conferring susceptibility to insulin dependent 
diabetes ( Idd gene ) of NOD mice. 

In the human, MET has been mapped to chromosome 
7q2l-7q3I (65). The localization of the mouse lca-1 gene 
within 6 cM of the Met protooncogene on chromosome 6, sug- 
gests that the human ICAl gene may be found close to the 
MET protooncogene protein-tyrosine kinase locus in a con- 
served region around 7q31 . 

Discussion 



body+), 8 ICA+/IAA-, and 10 ICA-/1AA+ who have not 
developed type I diabetes to date were assayed to determine 
their reactivity to highly purified ICA69. Most serum samples 
from the control group reacted minimally with the purified 
ICA69 in this assay format When significant antigen binding 
was defined as an optical density of > 2 SD above the mean 
values for the control group (Fig. 7), serum from 10 of the 23 
Pre-DM group, exceeded 2 SD of normal binding to ICA69 
(43%), as well as serum samples from 7 of the 1 3 ICA+/ IAA+ 
(54%), from 2 of the 8 ICA+/IAA- (25%), and from 4 of the 
10 ICA-/1AA+ (40%). It is of interest that in the ICA+/ 
IAA- group all the serum samples from relatives of IDDM 
patients that are considered negative, detected by our Western 
blot assay format, are restricted ICA, who rarely progress to the 
overt IDDM. 

ICA69 islet immunohystochemistry. Staining of formalin- 
fixed sections of rat pancreas with antibodies raised to the hu- 
man recombinant ICA69 revealed selective 0 cell reactivity 
(Fig. 8). In islets double immuno-enzymatically labeled with a 
polyclonal antibody to ICA69 and with mAbs to glucagon or 
somatostatin, antibodies to ICA69 reacted with the P cell core 
(Fig. 8 a) but not with either glucagon or somatostatin contain- 
ing ceils (Fig. 8, b and c). 

Chromosome localization of tea- 1, the moose homologite, 
to chromosome 6. Linkage data summarized in Rg. 9 indicate 
that lca-1 {lea- 1 is the mouse gene symbol for the gene coding 
for ICA69 ; ICA I is the human gene symbol for the gene coding 
for ICA69) is linked to the Met protooncogene (located 6 cM 
proximal on chromosome 6). Linkage to two other proximal 
A-M-Iinked markers {D6Mitt. D6Rck2. 5 cM proximal) was 
demonstrated. The weighted average of the interval between 
Met and lea- 1 was estimated to be 6.23±2.5 cM based on I / .17 



Recent findings have indicated that the range of autoantigens 
related to type I diabetes is more diverse than was originally 
thought. Sera from IDDM patients, as well as from stiff-man 
syndrome patients, appear to recognize one or both forms of 
the neuroendocrine-associated enzyme GAD (6, 66), namely 
GAD 65 (67 ), and GAD 67 (68 ), and one portion of the anti- 
body response to islet cells, termed "restricted ICA," has been 
reported to recognize GAD (69, 70). In the present study, we 
have cloned, sequenced, and characterized a novel 69-kD dia- 
betes-related autoantigen. 

In an attempt to identify molecular targets for antiislet auto- 
imm unity in IDDM, we have used sera from preclinical IDDM 
subjects as probe to isolate cDNA clones from a human islet 
Xgt 1 1 expression library. We have obtained a cDNA of a novel 
protein that codes for a full-length amino acid sequence 54.6 
kD with an apparent mobility of 69 kD on SDS-PAGE. The 
detection of mRNA in neural tissues studied such as brain, the 
presence of ICA69 transcripts in islet-derived cell lines, 
namely, RIN 1046-38, BON-1, HIT, 0TC-1, oTC-6, and in 
human insulinoma tissue, in contrast to nonneuroendocrine 
cell lines such as HeLa cells, JEG-choriocarcinoma, and 
HepG2-hepatoma likely reflect the sharing of many molecules 
between islets and neurons. A low level of ICA69 mRNA was 
also found in human lung, liver, and kidney. It is of interest 
that a high level of ICA69 mRNA is present in heart, whereas 
mRNA is undetectable in skeletal muscle and this could be 
related to the presence of selective cells expressing high levels of 
this molecule. Islets and neuronal cells both contain secretory 
granules and microvesicular bodies; for instance, GAD has 
been localized to microvesicular structures in both pancreatic 0 
cells, as well as in synaptic nerve microvesicular structures 
(71). Many of the molecules of both of these shared structures 
appear to be prominent targets of the autoimmunity related to 
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Figures, Micraphotographs of peroxidase and alkaline phosphatase double i m m un ocnzymatic rat islets labeling using anti-ICA69, anth'nsulin, 
antiglucagon, and antisomatostatin antibodies, (a) The islet was doubfe-tabded for ICA69 and glucagon. Anti-ICA69 antiserum reacted with 
the 0 cell core of the islet (brown), whereas the glucagon containing cells are stained with an antiglucagon mAb ( red, arrows) and are not reactive 
with ICA69 (X350). (6) The islet was double-labeled for ICA69 and somatostatin. Anti-ICA69 antiserum (brown) reacted with the 0 cell core, 
whereas the somatostatin containing cells reacted with an antisomatostatin mAb (red); additional peripheral cells (arrows), negative for both 
ICA69 and somatostatin, are apparently non-0 celts (X315). (c) An islet was double-labeled with mAb anti-insulin (brown) and antiglucagon 
(red, arrows), showing a pattern identical to that of (a) (anti-ICA69 and antiglucagon) (X350). 



type I diabetes. The fact that ICA69 mRNA is detected mostly 
in endocrine cell lines of islet cell origin, and that ICA69 
mRNA is also detected in brain, thyroid and heart, but not 
skeletal muscle, suggests that ICA69 may be in fact related to 
the neuroendocrine system. A 2-kb mRNA band is visible in 
total RNA a glucagon producing cell line, namely oTC-6, 
whereas no staining is visible on normal rat glucagon contain- 
ing cells detecting by immunohystochemistry. 

The putative polypeptide encoded by the longest open 
reading frame of ICA69 clones has a molecular mass of 54,600 
D, On Western blots, immunoreactive ICA69 has a molecular 
mass of 69 kD suggesting aberrant migration on SDS-PAGE. A 
molecular mass discrepancy between that calculated from the 
deduced amino acid sequence and that measured by SDS- 
PAGE, has been reported in the cloning of a number of pro- 
teins (62, 63, 72-74). These proteins have highly charged re- 
gions lhat appear to be related to retarded SDS-PAGE gel mi- 
gration, resulting thus in an overestimation of the true 
molecular mass. Our protein has several strongly charged re- 



gions, such as the segment of the molecule between residues 
307 and 320. The fact that cDNA encoding the full length of 
the molecule produces a 69-kD protein when expressed in bac- 
teria whose molecular mass is higher than the one inferred by 
the relative molecular mass of the deduced sequence ( 54.6 
kD), supports aberrant gel migration as the likely cause of the 
relative molecular mass disparity. 

Environmental factors are potential triggers of autoimmu- 
nity in type I diabetes ( 13). There is evidence in animal models 
of IDDM such as BB rats that the elimination of cow milk 
proteins from the diet significantly reduces the incidence of the 
clinical onset of diabetes in these animals ( 75 ). Sera from pa- 
tients with type I diabetes as well as BB rats are reported to have 
high titer of IgG anti-BSA antibodies (but not of antibodies to 
other milk proteins) or IgG anti-ABBOS (a region of the BSA 
molecule extending from 1 52 to 1 58 amino acid residues) anti- 
bodies (13-15). It has been reported that antibodies raised to 
one short BSA unique peptide region (ABBOS) or serum from 
a newly diagnosed IDDM child react on a Western blot format 
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Figure P. Localization 
of/ca-7 on proximal 
chromosome 6 of the 
mouse. The recombina- 
tion frequencies be- 
tween linked loci are 
expressed in cM±SEM 
(shown at the left) and 
were estimated using a 
weighted average for 
backcross and F2 data. 
Multipoint linkage map 
constructed using 
MAPMAKER 1.9(64) 
gave maximum likeli- 
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best three gene orders 
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bination frequency esti- 
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only. 



with Y-tnterferon-induced RIN 69-kD protein or with islet 
proteins with a similar mobility (60-70 kD), respectively ( 13). 

It is of interest that our 69-kD molecule shares two short 
regions of similarity with bovine serum albumin (not with hu- 
man serum albumin precursor). These two antigenic determi- 
nants perhaps could play a role in the induction of cow milk- 
induced autoimmunity based upon the hypothesis of pathogen- 
esis related to molecular mimicry, or may be simply a cause of 
a cross-reactivity with anti-lCA69 antibodies and with anti- 
BSA antibodies. To prove one of these two hypotheses, further 
studies are required. We have just learned that a partial peptide 
sequence available from a p69 BSA-related molecule studied 
by Dosch and co-workers is identical to amino acids 262 to 325 
of ICA69 (H.-M Dosch, personal communication). 

Our study shows that first degree relatives of patients with 
IDDM who developed the disease carry antibodies reacting 
with 1CA69. Antibodies to ICA69 are detected also in relatives 
who have not yet developed the disease. Such antibodies are 
found in 43% of the serum samples from preclinical IDDM 
relatives assayed so far, and we believe that with the optimiza- 
tion of a more sensitive assay (such as a radioassay or an 
ELISA), the percentage of reactivity with ICA69 among 
IDDM relatives will increase. 

Detecting by Western blotting, the percentage of anti- 
ICA69 reactivity among sera from relatives of IDDM patients 
that developed the disease and in from ICA+/IAA+ group 
appears to be higher than the ICA+/IAA- group (25%) (Fig. 
7), seemingly because all the anti-ICA69 negative sera from 
ICA+/IAA— relatives assayed thus far, show a p cell-selective 
ICA pattern ( termed "restricted" ), that includes recognition of 
GAD, which is associated with the lack of progression to overt 
diabetes {69, 70). Therefore, the low percentage of anti-ICA69 
positive sera in the ICA-f /IAA- group as compared to the 



other groups appears to be related to the fart that most of the 
ICA+/IAA- IDDM serum samples from IDDM relatives as- 
sayed so far are restricted ICA and rarely progress to the overt 
IDDM. In light of these observations, we believe that with the 
combination of different assays for the detection of autoanti- 
bodies in IDDM, such as anti-IAA, anti-GAD t anti-ICA69, 
and in the future against other islet autoantigens, combinator- 
ial algorithms for improving the prediction of type I diabetes 
will be designed. 

The identification, the characterization of the molecular 
structure and the availability of the ICA69 molecule will help 
to add this autoantigen to a battery of markers for the predic- 
tion of diabetes risk, and will enhance our understanding of 
islet biochemistry. A family of islet antigen specific therapies 
are considered for the suppression of insulin-dependent dia- 
betes; e.g., oral tolerance to insulin (76). ICA69 with its ft cell 
expression and autoanttgenicity becomes an additional candi- 
date molecule for manipulation of p cell autoimmunity. 
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ABSTRACT IA-2 is a 105,847 0a transmembrane protein 
that belongs to the protein tyrosine phosphatase family* 
Immuno peroxidase staining with antibody raised against 1 A-2 
showed that this protein is expressed in human pancreatic 
islet cells. In this study, we expressed the full -length cDNA 
clone of IA-2 in a rabbit reticulocyte transcription/translation 
system and used the recombinant radiolabeled IA-2 protein to 
detect autoantibodies by immunoprecipitation. Coded sera 
(100) were tested: SO from patients with newly diagnosed 
insulin-dependent diabetes mellitus (IDDM) and 50 from 
age-matched normal controls. Sixty-six percent of the sera 
from patients, but none of the sera from controls, reacted with 
IA-2. The same diabetic sera tested for autoantibodies to islet 
cells (ICA) by indirect immunofluorescence and glutamic acid 
decarboxylase (GAD^Ac) by depletion ELISA showed 68% 
and 52% positiviry, respectively. Up to 86% of the IDDM 
patients had autoantibodies to IA-2 and/or GADcs- Moreover, 
greater than 90% (14 of 15) of the ICA-positive but GAD 45 
Ab-negative sera had autoantibodies to IA-2. Absorption 
experiments showed that the immunofluorescence reactivity 
of ICA-positive sera was greatly reduced by prior incubation 
with recombinant IA-2 or GADk when the respective antibody 
was present A little over one-half (9 of 16) of the IDDM sera 
that were negative for ICA were found to be positive for 
autoantibodies to IA-2 and/or GAD 65l arguing that the im- 
munofluorescence test for ICA is less sensitive than the 
recombinant tests for autoantibodies to IA-2 and GAD 65 - It is 
concluded that IA-2 is a major islet cell autoantigen in IDDM, 
and. together with GAD^, is responsible for much of the 
reactivity of ICA with pancreatic islets. Tests for the detection 
of autoantibodies to recombinant IA-2 and GAD $5 may even- 
tually replace ICA immunofluorescence for IDDM population 
screening. 



Autoantibodies that react with pancreatic islets were first 
detected by immunof luorescent techniques over 20 years ago 
(1). It is now clear that these antibodies recognize several 
different antigens in the islets (2-7). In recent years, extensive 
efforts have been made to identify and characterize the 
antigens with which these islet cell autoantibodies (ICA) react. 
Autoantibodies to one of these antigens, now known to be the 
lower molecular weight isoform of glutamic acid decarboxylase 
(GAD45), have been widely used as a marker for identifying 
individuals with insulin-dependent diabetes mellitus (IDDM) 
and in predicting the risk of developing IDDM in nondiabetic 
individuals (8-12). GAO&5 is primarily an intracellular antigen. 
Recently, we described a new member of the protein tyrosine 
phosphatase family, IA-2, (13, 14). IA-2 cDNA predicts a 
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transmembrane protein of 979 amino acids in length and has 
a molecular mass of 105,847 Da. The extracellular domain 
extends from amino acid 1 to 576, the transmembrane domain 
from amino acid 577 to 601, and the intracellular domain from 
amino acid 602 to 979. The gene is expressed in human, mouse, 
and rat insulinoma cells as well as enriched normal islets (13). 
It also is found in human brain and neuroendocrine cells. 

In the present report, we describe the expression of the 
full-length of IA-2 in a eukaryotic reticulocyte transcription/ 
translation system and a sensitive radioimxnunoprecipit ation 
assay for detecting autoantibodies to IA-2 in the sera of IDDM 
patients. For comparison, the same sera were tested for ICA 
and GAD 6 s antibody (GAD 65 Ab). The relationship of IA-2 
antibody (IA-2Ab) to GAD 6 sAb and ICA also was assessed. 

MATERIALS AND METHODS 

Human Subjects. New-onset IDDM patients (50) who had 
been diagnosed within a week of their blood sampling and 50 
age-matched controls with no history of autoimmune disease 
were studied (15). Blood samples were collected under in- 
formed consent as approved by the University of Florida 
Institutional Review Board. Some IDDM patients were se- 
lected for the study because they had ICA but not GADgsAb. 

Radiohnmunoprecipitation of in Vitro Translated Full- 
Length IA-2 Autoantigen. The full-length human IA-2 cDNA 
without the leader sequence (13) was cloned into a pCRII 
cloning vector (Invitrogen) with a perfect Kozak translational 
start sequence (GCCGCCACCATGG) (16). PlasmidDNA(l 
jig) was added to TNT coupled rabbit reticulocyte lysate 
system (Promega) in the presence of [ 35 S]methionine (Amer- 
sham) at 30X for 2 hr. Radiolabeled protein was determined 
by 10% trichloroacetic acid precipitation. Irnmunopredpita- 
tion was performed as described (17). Briefly, translated 
reticulocyte rysate (approximately 50,000-75,000 cpm) and 5 
/il of tested serum were mixed in 100 /tl of immunoprecipi- 
tation buffer (20 mM Tris (pH 7.4), 150 mM Nad, 1% Triton 
X-100). The reaction mixture was incubated at 4°C overnight 
and 50 y\ of 50% (vol/vol) protein A- Agarose (Life Technol- 
ogies) was added to the solution at 4°C for 1 hr. The immu- 
noprecipitation mixture was washed four times with immuno- 
precipitation buffer, boiled in sample buffer, and applied to an 
8% SDS/PAGE gel. The gels were fixed with acetic acid/ 
methanol (12.5%:! 2.5%), then exposed to film overnight. The 
intensity of the IA-2 bands («106 kDa) was scored from 3 + 
to 4+ by two independent investigators and corresponded very 
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closely to counts in the immunoprecipitate as determined by 
liquid scintillation (unpublished data). 

ICA and GAD^Ab. ICA and GAD^sAb were determined as 
described (15. 18). Recombinant baculovirus-cxpressed 
GAD 65 was kindly supplied by Syra (Palo Alto, CA), and used 
in an antigen depletion ELISA (D-EUSA) assay (19, 20). The 
results obtained closely parallel those by our previously pub- 
lished radioimmunoassay (21). 

ICA Absorption* Tests were performed to see if the reac- 
tivity of ICA with pancreatic islets could be removed by 
absorption with recombinant GAD 6 s and /or IA-2. Serum (200 
pj) was incubated overnight with an equal volume of biotin- 
ylated GAD<s bound to streptavidin-Sepharose beads. The 
slurry then was centrifuged and the supernal ants tested in the 
usual way for ICA reactivity. Similarly, the intracellular do- 
main of IA-2, expressed as a fusion protein with glutathione 
5-transferase and bound to glut at hione-seph arose beads, was 
used to absorb serum antibody to IA-2. Seph arose beads, 
bound to neither GAD^ nor IA-2, served as controls. 

RESULTS 

Radiolabeled IA-2 was i mm u no precipitated with serum from 
IDDM patients and the immunoprecipitate was separated on 
an 8% SDS/PAGE gel As seen in Kg. 1, seven representative 
sera from IDDM patients identified a band with a relative 
molecular mass of 106 kDa. The intensity of the bands ranged 
from 1+ to 4-K No bands were seen when control sera were 
used. 

Coded sera (50) from diabetic patients and 50 sera from 
controls were tested by this assay for autoantibodies to IA-2. 
As seen in Fig. 2, 66% of the sera from IDDM patients, but 
none of the sera from controls, reacted with IA-Z The 
intensity of the bands varied from 1+ to 4+ with 21 of the 33 
positive sera being in the strongly positive (3+ to 4+) range. 
Equivocal bands (±) were scored as negative. 

The sera used in Fig. 2 also were tested by D-ELISA for 
antibodies that reacted with GAD 6 * As seen in Figs. 3 and 4, 
52% of the sera from IDDM patients, but none of the sera 
from controls, reacted with GADds. Up to 86% of the IDDM 
patients developed autoantibodies to IA-2 and/or GAD^s. 
Some of the patients (34%) developed antibodies to both 
antigens, 12% to only GAD 6S , and 4% to only IA-2. The 
current data, together with data from other studies (15), 
suggest that the age of the onset of IDDM may influence the 
nature of the immune response. Of 60 patients diagnosed with 
IDDM before age 20, 68% had antibodies to IA-2 and 60% had 
antibodies to GAD«s- However, of 15 patients diagnosed with 
IDDM after age 20, only 46% had antibodies to IA-2, whereas 
86% had antibodies to GAD 6 $. 

Detection of autoantibodies to islet cells by indirect immu- 
nofluorescence on human blood group O pancreatic sections 
has been widely used as a marker for IDDM. One of the 
antigens recognized by the immunofluorescence assay is 
GAD 65 (1 8). However, it is known that at least 20% of sera that 
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Fig. 1. Autoantibodies to IA-2 in patients with IDDM as measured 
by ratlioimmunoprecipitation. Sera were incubated with recombinant 
IA-2 expressed in a reticulocyte system. The dissociated precipitates 
were run on an $% SDS/PAGE gel. Bands with a molecular mass of 
106 kDa were scored on an intensity scale of I + io4+. Representative 
sera with different band -in tensities are illuslmted. D. diabetic sera: C. 
control sera. 
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Fig. 2. Sera from 50 patients with clinically documented IDDM 
and 50 norma) controls were tested for autoantibodies to IA-2 by 
radioimmunoprecipitation. The intensity of bands were scored as 
illustrated in Fig. 1. Equivocal bands (:•:) were considered negative for 
autoantibodies. 

are positive for ICA by immunofluorescence do not react with 
GAD«, indicating that the immunofluorescence assay is rec- 
ognizing a still unidentified antigen(s). In the present study 
(Fig. 3), 68% of the sera were positive for ICA, but only 52% 
had autoantibodies to GAD« 5 . Remarkably, of the 15 ICA- 
positive sera that did not react with GAD fi5 , 14 reacted 
unambiguously with IA-2, arguing that IA-2 is one of the islet 
antigens thai is routinely recognized by ICA in the immuno- 
fluorescence test. Moreover, of the 34 ICA-positive sera, 33 
reacted with IA-2 and/or GAD 6 s. 

Absorption experiments (Table 1) showed that the immu- 
nofluorescence reactivity of lA-2Ab-positive > but GAD 65 Ab- 
negative, sera with islet cells was greatly reduced by absorption 
with IA-2, but not by absorption with GAD 65 . Conversely, the 
immunofluorescence reactivity of IA-2Ab -negative but 
GAD 65 Ab-positive sera with islet cells was greatly reduced by 
absorption with GADes, but not by absorption with IA-2. 
Taken together, our studies strongly argue that IA-2 and 
GAD 65 are two of the major autoantigens recognized by ICA 
immunofluorescence. In one case (serum 4), however, islet cell 
reactivity was not substantialry reduced by absorption with 
either IA-2 or GADes, suggesting that another still unidenti- 
fied islet cell autoantigen(s) is being recognized by some 
ICA-positive sera. Preliminary experiments suggest that this 
autoantigen is closely related to IA-Z 

DISCUSSION 

In the present experiments, using full-length IA-2 cDNA and 
a eukaryotic expression system, we developed a radioimmu- 
noassay for detecting autoantibodies to IA-2. Two-thirds of our 
IDDM patients had autoantibodies to IA-2 as compared with 
none of the controls. This radioimmunoassay is considerably 
more sensitive and specific than the ELISA used in our 
laboratory (unpublished data) or the one described by Rabin 
et al. (22), with a truncated form of IA-2 lacking the first 389 
ammo acids, designated ICA512. Moreover, the radioimmu- 
noassay used here is a liquid phase assay and therefore is more 
likely to detect conformational epitopes than the solid phase 
ELISA. 

Autoantibodies to GADbs have been widely used as a marker 
for IDDM. At least 20% or more of newly diagnosed IDDM 
patients, however, are known to be, negative for antibodies to 
GAD 65 (23). In the present report, the patient population we 
studied was somewhat biased because a higher than expected 
percentage of patients were GAD^sAb-negative (48%), How- 
ever, of particular interest is the finding that of 15 ICA-positive 
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Fig. 3. Sera from patients and controls were tested for IA-2Ab by 
radioimmunoassay; GADesAb by D-EUSA; and ICA by immunoflu- 
orescence. Numbers in the ICA column represent JDF units. Patients 
(coded numbers) are indicated in the serum column. Fifty normal 
controls (not shown) were negative in all three autoantibody tests. 

patients who showed no reactivity to GAD b 5. 14 had autoan- 
tibodies to IA-2, arguing that IA-2 is one of the major 
autoantigens recognized by ICA in the indirect immunofluo- 
rescence rest using human pancreas as tissue substrate. Addi- 
tional support for this contention comes from our absorption 
studies (Table I), which showed I hat a major portion of the 
reactivity of ICA could be absorbed by IA-2 or GAD<>5 when 
the respective antibody was present. 




IA-2 + GAD^ 



Positive (%) 

FtG. 4. Comparison of autoantibody response to IA-2 and GAD^ 
in 50 patients with IDDM. 

The data further show that measurements of antibodies to 
both IA-2 and GAD 65 detect a higher percentage of IDDM 
patients than measurement of either antibody alone. In the 
current study (Fig. 3), autoantibodies to IA-2 were identified 
in 66% (33/50) of the IDDM patients, whereas autoantibodies 
to GADfis were detected in 52% (26/50) of the IDDM patients. 
Of the patients in this series, 34% (17/50) showed antibodies 
to both GADfis and IA-2, with 65% (17/26) of the GAD 65 Ab- 
posittve patients also having antibodies to IA-2 and 52% 
(17/33) of the IA-2Ab-posilive patients also having antibodies 
to GAD 6S . However, up to 86% of the IDDM patients had 
antibodies to one or the other antigens or both. Thus, some 
IDDM patients will be missed if detection relies on only one 
autoantibody test Of particular interest, 33 of the 34 ICA- 
positive patients showed autoantibodies to IA-2 and /or 
GAD<s5- Moreover, of the 16 patients who were negative for 
ICA, nine were positive for autoantibodies to IA-2 and/or 
GADgs demonstrating that, in some cases, these latter two 
assays detect autoantibodies when the ICA immunofluores- 
cence assay is negative. Tims, the measurement of autoanti- 
bodies to both IA-2 and GAD 6S seems to have advantages over 
the immunofluorescence assay for ICA in terms of sensitivity 
and specificity. The assays for IA-2 and GAD 6 s use molecularty 
expressed proteins and do not rely on the more subjective 
readings of tissue immunofluorescence and the inherent vari- 
ations of human pancreatic sections. Prospective studies in- 
volving large number of subjects are ongoing in our laborato- 
ries and the preliminary data indicates that the positive 
predictive value of IA-2Ab, in identifying subjects likely to 
develop IDDM, is over 90% (unpublished data). Based on our 
present findings, IDDM patients diagnosed before age 20 are 
more likely to have IA-2Ab than patients diagnosed after age 
20, but further studies are needed to settle whether I A-2Ab 
generally appears before or after GADesAb in the natural 
history of the preclinical disease. Although autoantibodies to 
IA-2 and GAD^s seem to account for much and perhaps most 
of the immunofluorescence reactivity of ICA, the fact that 
some ICA reactivity remains after absorption with IA-2 or 
GADes argues for the existence of still another autoantigen. In 
this connection, wc recently identified a novel cDNAfrom beta 
cells that encodes a protein, designated IA-20, that is closely 
related to IA-2 (24). Moreover, these studies showed that 
IA-2/3 is the precursor of the 37-kDa tryptic fragment isolated 
from pancreatic islets, whereas IA-2 is the precursor of the 
40-kDa tryptic fracment also isolated from pancreatic islets 
(24. 25). 

Whether autoantibodies to IA-2 and GAD^s are a cause or 
a result of the immunologically mediated destruction of pan- 
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Table J. Absorption of ICA-positive sera with IA-2 and GAD^s 
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Reactivity of ICA-positive sera with islet cells as measured by intensity of immunofluorescence: J|, 
greatly reduced; j , moderately reduced; J., slightly reduced; — , not reduced Pos, positive; Neg, negative. 



creatic beta cells underlying IDDM, is still not clear. However, 
what is clear is that these autoantibodies serve as markers of 
the underlying disease process, and thus have strong predictive 
power. In ongoing studies, wc found that antibodies to GAD<s 
(26) and now IA-2 occur at highest frequencies among non- 
diabetic relatives who have the highest risk HLA phenotypes, 
especially DRB1*03/DQB1*0201; DRB1*04/DQB1*0302 
heterozygotes. Why the host should make an immune response 
to two such seemingly unrelated antigens as GAD^s and IA-2 
is unknown. While both are expressed in neuroendocrine cells 
(i.e., pancreatic islets and brain), IA-2 is particularly interest- 
ing because, in contrast to GAD^, it has an extracellular 
domain. The possibility that the extracellular domain of IA-2 
serves as a target for an autoimmune attack and/or is the site 
for deleterious transmembrane signaling is currently under 
investigation. 
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Abstract 

Insulin-dependent diabetes mellitos (IDDM) is thought to re- 
sult from the autoimmune destruction of the insulin-produciiig 
fi cells of the pancreas. Years before IDDM symptoms appear, 
we can detect autoantibodies to one or both forms of glutamate 
decarboxylase (GAD^ and GAD^X synthesized from their re- 
spective cDNAs in a bacterial expression system. Individual 
IDDM sera show distinctive profiles of epitope recognition, 
suggesting different humoral immune responses. Although the 
level of GAD autoantibodies generally decline after IDDM on- 
set, patients with IDDM-assodated neuropathies have high 
levels of antibodies to GAD, years after the appearance of clini- 
cal IDDM. We note a striking sequence similarity between the 
two GADs and Coxsackievirus, a virus that has been associated 
with IDDM both in humans and in experimental animals. This 
similarity suggests that molecular mimicry may play a role in 
the pathogenesis of IDDM. (/. Clin. Invest 1992. 89:283- 
292.) Key words: insuhn-dependent diabetes mellitus • gluta- 
mate decarboxylase • diabetic neuropathy 

Introduction 

Insulin-dependent diabetes (IDDM; 1 type I diabetes) is one of 
the most serious and common of metabolic disorders, affecting 
approximately 1 person in 300 in the U.S., while epidemiologi- 
cal studies in Europe suggest that its incidence is increasing 
(reviewed in 1-3). The disease is thought to result from the 
autoimmune destruction of the insulin-producing j? cells of the 
pancreas and the subsequent metabolic derangements. Al- 
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though insulin therapy allows most patients to lead active lives, 
this replacement is imperfect since it does not restore normal 
metabolic homeostasis. Metabolic abnormalities are thought 
to be important in the subsequent development of common 
complications, which include retinopathy, cataract formation, 
nephropathy, neuropathy, and heart disease. 

While the initiating agent of IDDM autoimmunity is not 
known, it ultimately provokes a loss of immunological toler- 
ance to self-antigens present in insulin-secreting 0 cells within 
the pancreatic islets (4-6). IDDM begins with an asymptom- 
atic stage, characterized by a chronic inflammatory infiltrate of 
the islets (insulitis), which selectively destroys the p cells. Only 
after the destruction of the majority of the 0 cells, often occur- 
ring over several years, do hyperglycemia and ketosis appear. 

The pathogenesis of IDDM involves both genetic and envi- 
ronmental factors. One or more susceptibility factors are en- 
coded by the major histocompatibility complex on chromo- 
some 6, probably by the DQ A 1 and B Mod (7, 8). Studies of 
monozygotic twins, however, show a concordance for IDDM 
of < 40%, suggesting that environmental factors play an impor- 
tant role (9). Long suspected environmental causes of IDDM 
include a number of viruses, such as rubella, encephalomyo- 
carditis virus, and especially Coxsackie virus B 4 (reviewed in 
10-12). 

Autoantibodies to a 64,000 M r islet cell protein are asso- 
ciated with IDDM and have been detected years before the 
onset of symptoms (13—15). Other IDDM-associated autoanti- 
bodies, such as those against insulin and cytoplasmic ganglio- 
sides of islet cells (ICA), appear later, possibly as a consequence 
of the release of these antigens (or their precursors) from the 
damaged islet cells (16, 17). Antibodies to the 64,000 M % pro- 
teins are, however, the earliest and most reliable predictive 
marker of 4DDM in humans and are also present in the two 
animal models for IDDM, the nonobese diabetic (NOD) 
mouse and the Biobreeding rat ( 14, 15, 18, 19). 

Baekkeskov et al. (20) re ported that the 64,000 M r islet cell 
autoantigen is a form of glutarnate decarbo x ylase (GA D; E.C. 
4..LLJ 5),,the enzyme responsibie for the synthesis of 7-amino- 
butyric acid (GABA) in brain, peripheral neurons, pancreas, 
and other' organ s ; (21)7 We have recently shown that the brain 
contains two forms of GAD, which are encoded by two sepa- 
rate genes (22). The two GADs (GAD W and GAD 67 ) differ in 
molecular size (with M$ = 65,000 and 67,000) and amino acid 
sequence (with ~~ 30% sequence divergence), as well as in their 
intracellular distributions and interactions with the GAD co- 
factor pyridoxal phosphate (22-25). In brain neurons, GAD M 
is preferentially associated with axon terminals, while G AD 67 is 
present in both terminals and cell bodies (25). 

Previous studies of the 64,000 M r IDDM autoantigen have 
used pancreatic extracts enriched for membrane-associated 
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proteins. In view of our demonstration that the brain contains 
two GADs, we set out to determine the molecular identity of 
islet cell GAD by immunohistochemistry with monospecific 
antibodies. We then used GAD M and GAD^ produced in ge- 
netically engineered bacteria from our GAD cDNAs to exam- 
ine the specificity of IDDM autoantibodies for the two GADs 
and for restricted sets of GAD epitopes. 

Our results lead to two new suggestions concerning the 
pathogenesis of IDDM and its complications: (a) GAD autoim- 
munity may play a role in the pathogenesis of IDDM-asso- 
ciated neuropathies; and (b) IDDM autoimmunity may result 
from molecular mimicry of GAD and a Coxsackievirus pep- 
tide. 



Methods 

Patient sera. IDDM patients and individuals at high risk for later devel- 
oping IDDM were selected from a previous study at the University of 
Florida Diabetes Clinics (15, 26). IDDM patients with peripheral neu- 
ropathies were selected from the University of Florida Diabetes Clinics 
and the UCLA Diabetes Clinic 

Nondiabetic controls and the individuals studied before the docu- 
mented clinical onset were ascertained through ongoing prospective 
screening for islet cell antibodies of more than 5,000 first-degree rela- 
tives of IDDM probands, and 8,200 individuals from the general popu- 
lation, of whom 4,813 were school children. These studies were ap- 
proved by the University of Florida's Institutional Review Board. All 
participating individuals first gave their written informed consent Indi- 
viduals at high risk for the development of IDDM were identified by 
the presence of high titers of ICAs, assayed by indirect immunofluores- 
cence on cryostat sections of blood group O human pancreas. All re- 
sults were interpreted on coded samples, with control negative and 
positive sera in each batch. The ICA levels were estimated as Juvenile 
Diabetes Foundation units, according to the standardization guidelines 
established by the Immunology Diabetes Workshop (IDW), as previ- 
ously described. M. Atkinson and N. Maciaren subscribe to the IDWs 
ICA proficiency testing program, which they currently supervise. 

GAD assays. Patient sera were assayed blind for their ability to bind 
GAD enzymatic activity from a cleared homogenate of human cerebel- 
lar cortex in "GAD buffer," which contained 60 mM potassium phos- 
phate, pH 7.1, 0.5% Triton X-100, 1 mM PMSF, 1 mM 2-aminoethyl- 
isothiouronium bromide, and 0. 1 mM pyridoxal phosphate. IgG from 
each serum was bound to protein A-Sepharose (PAS) by adding 40 jd of 
serum to 80 m1 of a 1:1 slurry of preswoflen PAS in GAD buffer, incu- 
bating for 30 min at 4°C with gentle rocking, isolated by centiifugation, 
and then washing four times in the same buffer. 100 id of brain extract 
was then added to each sample and incubated for 1 h at 4°C with gentle 
rocking, washed four times, resuspended in buffer, and assayed for 
GAD activity as previously described (25). Values shown are means of 
three determinations. 

Immunohistochemistry. Immunochemical detection of the two 
forms of GAD was performed as previously described for rat cerebel- 
lum (25). 

Antigen preparation and immunoadsorption. Rat GAD W and 
GAD CT cDNAs were subcloned in the Ncol site of pET 8C and the Nhe 
I site of pET-5C respectively and transformed into Escherichia coli 
BL2 1 (DE3) (20, 27). Control and G AD-producing £. coli were grown 
and induced with isopropyl-thio-^r>gaiactoside, harvested by centrifu- 
gatton, resuspended in GAD buffer, sonicated, and cleared by centrifu- 
gation at 55,000 g for 15 min. For imraunocompetition, 30 p& of each 
patient serum was incubated with 100 jd of extract from control bacte- 
ria or from bacteria that produced either GAD W or GAD„ for 1 h at 
4°C Human pancreatic islets were labeled with 33 S-methionine as pre- 



viously described (15). A detergent extract (300 jd) was first precleared 
with human control serum. The material that bound to the control IgG 
was removed with protein A-Sepharose. The precleared islet cell deter- 
gent extract was then split into three fractions and then incubated (2 h 
on ice) with serum that had been absorbed with each of the E. coli 
lysates. IgG-bound material was isolated with protein A-Sepharose as 
described above, and the bound material was analyzed by poryacryl- 
amide gel dectrophoresis in SDS (SDS-PAGE), followed by fluo- 
rography. 

Detection of GAD autoantibodies. E. coli expressing rat GAD^ and 
GAD <7 cDNAs were grown in minimal medium and induced with 
iscpropyl-tmo-^D-galaooside in the presence of a mixture of ^la- 
beled amino acids (Tran-^S; ICN Pharmaceuticals, Inc., Irvine, CA). 
The bacteria were harvested, sonicated in GAD buffer, and centrifuged 
to remove debris. Sera were preadsorbed with extracts of unlabeled 
host bacteria and then added to a mixture of 35 S-Iabeled extracts of 
GAD^ and GAD 67 -producing bacteria. IgG-bound polypeptides were 
isolated with PAS and analyzed by SDS-PAGE Initial experiments 
analyzed sera for their ability to precipitate GAD^ and GAD« sepa- 
rately (data not shown). Using a mixture of the two extracts simplified 
the assay. A number offT. coff polypeptides were also immunoadsorbed 
by some patient and some control sera. One such band, with Af r 
~ 70,000, is apparent in many sample 

Epitope mapping. Portions of GAD M cDNA were amplified by the 
polymerase chain reaction (PGR; 28) to produce DNA segments en- 
coding three polypeptide segments: amino acid residues 1-224 (seg- 
ment A); 224-398 (segment B); and 398-585 (segment Q. Each con- 
struct also contained a T 7 promoter, a consensus sequence for the initia- 
tion of translation and an initiating methionine codon (29). Each PGR 
product was then transcribed in vitro with T 7 RNA polymerase and 
translated in vitro in a rabbit reticulocyte cell-free system in the pres- 
ence of ^methionine, using conditions recommended by the supplier 
(Amersham Corp., Arlington Heights, TL\ Each test serum (30 /d) was 
incubated with the resulting ^polypeptides, The bound peptides 
were isolated with PAS and analyzed by SDS-PAGE in 1 5% polyacryl- 
amide and fluorography. 
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Figure i. Immunoprecipitation of GAD activity by IDDM sera. GAD 
activity in brain extracts was immunoprecipitated with sera from 
healthy controls (•); individuals at high risk for IDDM (o); IDDM 
patients at diagnosis and two years later (a); and unrelated patients 
more than six years after diagnosis (a); one patient («) developed a 
sensory neuropathy. 
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Results 

IDDM patients have autoantibodies to GAD. We initially per- 
formed a blind trial to test for the presence of GAD autoanti- 
bodies in IDDM sera. We tested IDDM sera for the presence of 
GAD autoantibodies by assaying their ability to immunopre- 
cipitate GAD activity from human brain homogenates (Fig. 1 ). 
We included sera from 35 individuals, which included 3 people . 
judged to be at high risk for IDDM on the basis of their previ- 
ously determined ICA titers, reduced responses to intravenous 
glucose, and their HLA DR/DQ haplotypes ( 1 5, 26), 8 IDDM 
patients studied at onset and 7 of these same patients two years 
later, 9 unrelated patients six or more years after IDDM onset, 
and IS normal controls. Our results parallel those indepen- 
dently reported by Baekkeskov et al. (20). 

The three high-risk individuals whose sera we examined 
had high anti-GAD titers, in one case comparable to those 
raised against purified brain GAD in experimental animals 
(data not shown). The levels of antibodies to GAD in five of 
eight newly diagnosed patients exceeded the mean 4* 1 SD of 
the control sera. Levels in these patients decreased by ~ 50% 
during the subsequent two years, with only two of seven sera 
having levels more than the mean + 1 SD of the control sera. In 
most patients ^ 6 years after diagnosis, the concentrations of 
antibodies to GAD were indistinguishable from controls. In 
one patient in this series, however, anti-GAD levels actually 
rose between 6 and 1 1 years after onset, during which time the 
patient developed a sensory neuropathy. 

Levels of anti-GAD antibodies in these patients generally 
parallel the previously determined titers of autoantibodies to 
the 64,000 M r antigen. Our assays of immunoprecipitated 
GAD enzymatic activity easily identified individuals with high 
titers of autoantibodies to the 64,000 M f antigen, but did not 
often distinguish individuals with low titers from controls. 

This study established that autoantibodies to GAD are pres- 
ent at and before the clinical diagnosis of IDDM and decline 
within a few years after diagnosis. We next addressed the ques- 
tion of the molecular identity of the GAD autoantigen. 

Islet cells contain both GAD& and GAD 67 . Immunohisto- 
chemical experiments with the GAD-6 monoclonal antibody, 
which recognizes only GAD^, show the presence of GAD^ in 
pancreatic islets (Fig. 2; references 20, 25, 30). Using our re- 
cently described K-2 antiserum, which recognizes only G AD 67 , 
we show that islet cells also contain GAD 67 (Fig. 2; reference 
25). Since both GAD 63 and GAD^ are present in islets, either 
or both could be the autoantigen recognized by the IDDM sera 
surveyed in Fig. 1 and by Baekkeskov et al. (20). 

The 64,000 M r islet cell autoantigen is GAD&. To define 
further the molecular identity of the IDDM autoantigen, we 
performed two sets of experiments. In the first experiment we 
used GAD-6 (the GAD w -specific monoclonal antibody) to im- 
munoadsorb GAD M both from detergent extracts of ^S-la- 
beled islet cells and from soluble extracts of 35 S-!abeIed GAD- 
producing bacteria. GAD-6 specifically recognized a 65,000 M r 
immunoreactive polypeptide in both islet cells and GAD 65 - 
producing bacteria with identical electrophoretic mobilities, 
which were distinct from bacteriaily produced GAD 67 . Prior 
immunoadsorption with an IDDM serum removes immunore- 
active GAD„ (i.e., "64K") from both islet cell and bacterial 
extracts (data not shown). 

In the second set of experiments, we examined the ability of 



bacteriaily produced GAD^ and GAD CT to compete with the 
immunoadsorption of islet cell autoantigens by IDDM sera. 
Sera taken from two patients (patient 052 and 496 which recog- 
nize both GADs; see Table I) specifically precipitate a polypep- 
tide of M t 64-65,000 from detergent-phase extracts of 3S S-la- 
beled islets in the presence of extracts of host bacteria (Le., 
bacteria not engineered to produce GAD), containing 400 >ig of 
protein (Fig. 3, lanes 1 and 2). When we added extracts (also 
containing 400 fig of total protein) of genetically engineered 
bacteria that produce either GAD^ or GAD 67 , we found that 
an extract containing 100 jig of GAD 67 partially blocked the 
binding of the islet cell antigen, as would be expected if GAD 67 
adsorbs some of the antibodies that recognize epitopes com- 
mon to GAD 65 and GAD 67 (Fig. 3, lanes 5 and 6). In contrast, 
an extract containing only 10 jig of GAD^ completely blocked 
immunoadsorption of the 64K autoantigen (Fig. 3, lanes 9 and 
70). These data show that the previously identified 64,000 M T 
autoantigen is immunologically indistinguishable from 
GAD W . A serum (patient 476) that predominantly recognizes 
GAD^ (which does not partition into the detergent phase of 
the islet cell extracts used in these studies) precipitated a very 
faint 64K band. The healthy control serum did not precipitate 
a 64K antigen. 

IDDM sera differ in the recognition ofGAD^ and GAD 67 . 
Antisera raised in experimental animals against purified brain 
GAD vary in their recognition of GAD M and GAD 67 . With this 
in mind, we determined the specificity of individual IDDM 
sera for each species of GAD. We examined their ability to 
immunoprecipitate 35 S4abeied GAD W and GAD 67 , produced 
from GAD cDNAs in a bacterial expression system. We exam- 
ined sera from 59 individuals (to whose IDDM status we were 
blind), including 8 people at high risk for IDDM, 12 people 
who later (3-64 months) developed IDDM, 3 newly diagnosed 
IDDM patients, 12 patients 2-22 years after onset who had no 
neurological symptoms, and 9 patients 10-48 years after onset 
who developed sensory or autonomic neuropathies (Table I; 
Fig. 4). None of the control sera from 15 healthy individuals 
had detectable ICA, antibodies to the 64,000 M t pancreatic 
antigen, or antibodies to either form of GAD. 

Levels of GAD autoantibodies were generally highest in the 
sera of individuals who were likely to have been in the process 
of developing the disease; those who were known to develop 
IDDM some time after their sera were drawn and those 
thought to be at high risk for IDDM on the basis of their previ- 
ously determined ICA levels and autoantibodies to 64K. Levels 
were much lower in the sera of patients examined a few years 
after IDDM onset None of the nine patients without neuropa- 
thies tested long after onset (^ 5 years) had detectable antibod- 
ies to GAD. The intensity of the 33 S-labeled GADgj immuno- 
precipitated by the IDDM sera generally paralleled the previ- 
ously determined titers of autoantibodies to the 64,000 M T islet 
cell polypeptide (1 5, 26), again supporting the latter's identifi- 
cation as G ADtf . There was no obvious correlation between 
ICA titers and the levels of autoantibodies to either GAD form. 

Among IDDM sera, the ability to precipitate each of the 
two GADs varied among individuals. Of the 23 individuals 
tested whom we thought to be at early stages of IDDM (8 at 
high risk, 12 tested before subsequent onset, and 3 newly diag- 
nosed), 15 recognized both GADs, 3 recognized only GAD 6S , 
and 4 recognized only GAD 67 . We found no obvious correla- 
tion between the time before or after diagnosis and the specific- 
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ity of autoantibodies for cither form of GAD. A more sensitive 
assay (for example, one using human rather than rat GADs) 
might in fact reveal antibodies to both forms of GAD. 

Altogether 78% ( 1 8/23) of sera from early stage IDDM indi- 
viduals recognized GAD 65 , a frequency similar to that reported 
in previous studies of 64,000 A/ f autoantibodies (reviewed in 
15, 20). When we tested for both GADs, however, we could 
detect autoantibodies to either or both in 96% (22/23) of the 
early stage individuals tested. 

The sera of NOD mice also show immunoreactivity both to 
GAD M and to GAD 67 (Fig. 4, lane 22). This finding further 
underscores the similarity of the disease processes in human 
IDDM and in NOD mice. 

Individual sera vary in epitope recognition. To examine the 
individual variability in epitope recognition of IDDM autoanti- 
bodies, we determined the ability of sera from four individuals 
to recognize three polypeptide segments of GAD 6S (Fig. 5). 
Each of these individuals was at a different stage in the progres- 
sion of the disease: 052 (high risk), 723 (a patient who subse- 
quently developed IDDM), 705 (at diagnosis), and UC2 (ad- 
vanced neuropathy). We used PCR amplification followed by 
in vitro transcription and translation of the PCR products to 
produce ^S-labeicd polypeptides that represented the amino- 
tcrminal (A), middle (B), and carboxy-termina! (C) thirds of 



G ADrffc . None of the four sera reacted with the segment A, two 
(052 and UC2) reacted with segments B and C, one (705) with 
the carboxy-terminal segment C only, and one (723) with none 
of the GAD M segments. Our inability to immunoprecipitate 
polypeptides with serum 723 (which, as shown in Fig. 4, does 
precipitate both GAD 65 and GAD CT as intact molecules) may 
have resulted from a lack of sensitivity of the assay or from the 
inability of any of the utilized peptides to fold into the recog- 
nized epitope. While the three peptides that we investigated are 
unlikely to have formed all their native epitopes, our epitope 
mapping data, like our studies of the differential recognition of 
GAD W and GAD 67 , suggest that each of the tested sera has a 
distinctive profile of anti-GAD antibodies. Although IDDM 
autoantibodies recognize different GAD epitopes, we do not 
know which epitopes are recognized by the self-reactive T lym- 
phocytes, which contribute to both humoral and cellular auto- 
immunity. 

Persistent autoimmunity to GAD is often associated with 
peripheral and autonomic neuropathy. The occurrence of anti- 
bodies to GAD (and to the previously determined 64,000 M r 
antigen), is unusual in patients many years after onset (Rg. 1, 
Table 1, and M. Atkinson, unpublished data). Autoantibodies 
to GAD were, however, present in 8 of 9 IDDM patients with 
sensory or autonomic neuropathies, long (10-41 years) after 
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Figure 3. The 64,000 M r autoantigen is GAD^. The ability of sera 
which recognize both GADs (patients 052 and 496) to bind the pre- 
viously described 64,000 M t islet cell autoantigen was not blocked by 
preadsorption with an extract of wild-type BL2I (DE3) E. colt 
Preadsorption with an extract of GAD 67 -produring bacteria produced 
only partial blocking of these sera's ability to bind the pancreatic an- 
tigen. In contrast, preadsorption with extracts of GAD^produting 
bacteria, abolished the serum's ability to bind 64K antigen. Lanes 
1-4 preadsorbed with 400 /xg of a wild-type £. coli extract. Lanes 5-8 
preadsorbed with a 400-ftg extract containing 100 p% of GAD 67 . Lanes 
9-/2 preadsorbed with a 400-M8 extract containing 10 tig of GAD^. 
Lanes 1. 5. 9; patient 052. Lanes 2. 6, 10; patient 496. Lanes 3, 7, 11; 
healthy control Lanes 4, 8, 12; patient 476, whose serum predomi- 
nantly recognizes GAD 67 (Table I), does bind the 64K antigen very 
weakly which is not apparent in the photograph. 



the onset of diabetic symptoms (Table I; Fig. 4, lanes 18-21). 
Six of the sera examined had detectable levels of autoantibod- 
ies to both GAD 65 and GAD 67 , while two had detectable auto- 
antibodies only to GAD 67 . Two patients with rapidly progress- 
ing autonomic neuropathies (UCI and UC2) had especially 
high levels of autoantibodies to GAD. In contrast, none of the 
nine patients who were free of IDDM-associated complications 
examined at or more than five years after onset had detectable 
antibodies to GAD. The GAD autoantibodies in neuropathy 
patients may result from the restimulation of the immune sys- 
tem by GAD released from damaged neurons, or they may be 
involved in the actual pathogenesis of this complication. In 
either case, GAD autoantibodies may serve as a useful marker 
of an ongoing degenerative process. 

Sequence similarities between GAD and Coxsackievirus. Al- 
though we observe high levels of autoantibodies to GAD before 
IDDM onset, their presence may merely reflect an immune 
reaction to the exposure of previously sequestered antigens fol- 
lowing P cell damage. Indeed, the initiating agent of the au- 
toimmune response in IDDM is completely unknown, though 
the increasing incidence of IDDM and its frequent discordance 
in monozygotic twins has led to the suggestion that an environ- 
mental agent triggers autoimmunity (3 1 , reviewed in 3, 1 2). In 
other autoimmune diseases, pathogenesis is thought to involve 
"molecular mimicry," in which a bacterial or viral antigen trig- 
gers an immune response that then reacts with a similar self 
antigen (reviewed 4, 32, 33). 

Analysis of the deduced amino acid sequences of GAD M 
and GAD 67 shows an extensive and surprising sequence similar- 
ity to the P2-C protein of Coxsackievirus B 4 . Coxsackievirus B 4 
is a picoma virus with a worldwide distribution. It causes a mild 
upper respiratory infection and can also infect & cells (reviewed 
in 10-12). It has a small genome (7,395 bases), and its P2-C 
protein appears to contribute to the membrane-bound replica- 
tion complex (34). A core polypeptide segment of six amino 
acid residues is identical in sequence between GAD^ and P2-C 
(Fig. 6; 22, 34). The immediately adjacent polypeptide seg- 
ments also share a high level of similarity both in sequence and 
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Figure 4. Detection of autoantibodies against GAD M and GAD„ in IDDM sera. Sera were incubated with a mixture of ^labeled lysates of 
GAD 4S - and GAD 67 -producing E. coli and IgG-bound polypeptides were analyzed by SDS-PAGE. The composite photo shows representative 
data from controls and from individuals at different stages of IDDM: three controls (lanes 1-3), four people at high risk for IDDM (lanes 4-7), 
four who later developed IDDM (lanes three patients at diagnosis (lanes 12-14), three IDDM patients more than seven years after diag- 
nosis (lanes 15-1 7), four IDDM patients with neuropathies (lanes 18-2 7). and NOD mice (lane 22). 
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Table L Analysis of Characterized Sera for GAD& and GAD 67 Immunoreactivity 



Patient ID ICA Anti-MK Anti~GAD„ Anti-GAD 4 , 



JDF touts 

Individuals at high risk for IDDM 

052 
825 
375 
143 
692 
356 
112 
410 

Individuals who later developed IDDM 



Months before 
IDDM diagnosis 
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++ 
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++ 


584 


24 
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++ 
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+++ 
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+++ 
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3 
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13 






6 


+++ 
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8 






40 
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438 
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+ 
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9 
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14 






ND 
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+++ 
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476 


11 






ND 
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+++ 


\t onset of clinical symptoms 
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++ 


705 
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+++ 


+++ 


++ 


291 








0 


+++ 


++ 


++ 


IDDM 


patients without neuropathies 
















Years after 
















diagnosis 
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2 






ND 


+ 


0 


0 


476 


3 






0 


ND 


0 


+ 


604 


3 






0 


ND 
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113 


5 
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ND 


0 


0 


238 


6 






0 


ND 


0 


0 


997 


6 






80 


ND 


0 


0 


867 
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ND 


ND 


0 


0 
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052 
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patients with neuropathies 
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0 


ND 


+ 
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11 
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0 


+ 


+ 
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160 +++ +++ +++ 

20 +++ ++ 0 

0 +++ ++ + 

40 ++ 0 ++ 

ND ++ 0 +++ 

160 +++ ++ +++ 

80 ND +++ +++ 

0 ++ ++ ++ 



Table 1. (Continued) 



Patient ID ICA Anti-64K Anti-GAD*, Anti-GAD 47 
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344 
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ND 


0 




194 


41 




+ 


0 


ND 


+ 


+ 


310 
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-0 
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Patient sera were obtained and assayed for ICA and autoantibodies to the 64,000 M r protein as part of a previous study (15, 26) or from the 
UCLA Diabetes Clinic. Patients that are part of the University of Florida's database are identified by three digit numbers. Other patients are 
identified by sequential numbers, with UF numbers representing patients seen in Gainesville and UC patients seen in Los Angeles. ICA titers 
are expressed in JDF units. +++, high titers; ++, intermediate; +, detectable; ND, not determined- Patients UC 1 , UC2, and UC3 had rapidly 
progressing sympathetic neuropathies. None of the sera from 15 healthy controls had detectable ICA, antibodies to the 64,000 M T protein, or 
antibodies to either form of GAD. 



in the positions of charged residues. In the 24 residue segments 
ofGAD 65 and P2-C that are illustrated in Fig. 6, 1 9 residues are 
either identical or conservative differences. The three peptides 
shown in Fig. 6 have nearly identical hydrophobicity profiles 
(data not shown). The high charge density and the presence of a 
proline residue in the shared core suggest that the segments are 
highly antigenic. No other significant similarities were found 
between GAD and other viruses implicated in IDDM, such as 
rubella, mumps, encephalomyocarditis virus, and cytomegalo- 
virus. A generally similar sequence similarity is also present in 
the P2-C region of other members of the Coxsackievirus fam- 
ily. If specific members of the Coxsackievirus family (such as B 4 
and B } ) are indeed involved in the etiology of IDDM, their 
pathogenicity may involve factors such as their particular 
amino acid sequences, virulence, and cell trophism, as well as 
the host immune repertoire. 

Discussion 

In a blind clinical study, we tested IDDM sera for the presence 
of GAD autoantibodies by their ability to immunoprecipitate 
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Figure 5. Epitope mapping of GAD W . Three labeled segments con- 
taining the amino-terminal (A)> middle (BU and carboxy-terminal 
(C) portions of GAD^ were immunoprecipitated with four IDDM 
sera that were initially characterized in the experiment shown in Fig. 4. 



GAD enzymatic activity from brain homogenates. We found 
the highest levels of GAD atrtoantibodies in individuals at high 
risk for IDDM and in newly diagnosed IDDM patients. Levels 
of GAD autoantibodies decreased by *~ 50% within two years 
after diagnosis. Six years after IDDM onset, the patients whose 
sera we examined had GAD autoantibody levels indistinguish- 
able from controls. One patient, however, displayed increased 
GAD antibodies years after onset, during which time the pa- 
tient developed a sensory neuropathy. 

Our studies of GADs in the brain have shown that neurons 
express two forms of GAD, which derive from separate genes 
(22). Pancreatic 0 cells also express GAD and use GABA to 
regulate glucagon secretion by a cells (35). Our immunohisto- 
chemical data, using antibodies monospecific for GAD 65 and 
GAD 67> show that 0 cells, like most GABA neurons, contain 
both GAD M and GAD 67 . Although our enzymatic studies, and 
those of Baekkeskov et aL (20), demonstrated GAD autoimmu- 
nity in IDDM, they did not distinguish the two forms of GAD. 

We used GAD 65 and GAD CT cDNAs to express large 
amounts of each GAD in a bacterial expression system and 
tested the ability of each form to compete with the immunoad- 
sorption of the 64,000 M r autoantigen from 35 S-labeIed islet 
cells. Only GAD^^-containing lysates effectively competed, 
suggesting that, the 64,000 M t autoantigen corresponds 
toGADtf. 

The islet cell homogenates previously used to characterize 
IDDM autoantigens were enriched for membrane-associated 
molecules and may preferentially have included G AD 63 . In 
contrast, both our studies of the soluble fraction and those of 
Christie et aL (36) show a complex pattern of antigens recog- 
nized by IDDM autoantibodies (data not shown). Since islet 
cells contain both GAD^ and GAD 67 , (Fig. 2) we sought to 
characterize the GAD autoantibodies by testing the ability of 
IDDM sera to recognize bacterially produced GAD M 
andGAD^. 

We could detect autoantibodies to either GAD 65 or GAD 67 
or both in almost all people who later developed IDDM, in 
some cases years before the onset of clinical symptoms. Of 23 
early stage IDDM individuals tested, we found antibodies to 
both GADs in 1 5, to GAD W alone in 3, and to GAD 67 alone in 
4. By testing for antibodies to both forms of GAD we were able 
to detect GAD antibodies in 96% of the individuals tested. 



Ghaamate Decarboxylase Autoimmunity in Insulin-dependent Diabetes Mellitus 289 



HUMAN GAD 



HUMAN GAD 



67 



65 



COXSACKIEVIRUS 



258 S|7| 



M 



250 



jA :M 



M 



4f.U 



;A 


A 


Rj'Y 


K 


y:f 

t 










i 

1 


| 1 


A 


R F 


K 


M F 


jw 


L 


K V 


K 


1 L 



P E V K 



P E V K E K 



P E V K E K 



G M 



G M 



H E 



A : A : vj P • K L 




a:a 



F 

• - j 



281 



R L 



273 



R L 



50 



Figure 6. GAD and Coxsackievirus P2-C share common sequences. Solid line encloses identical amino acid residues. Dashed line encloses amino 
add residues with similar charge, polarity, or hydrophobtrity. Numbers refer to the amino acid residues in GAD„, GAD CT , and Coxsackievirus 
protein P2-C. The human GAD amino acid sequences, which are almost identical to the rat GAD sequences, were determined by Bu Dingfang 
et aL (manuscript submitted for publication). 



Levels of GAD autoantibodies were usually highest before 
IDDM onset and, in our patient sample, appeared as early as 
five years before onset of symptoms. GAD antibody levels de- 
clined after onset, presumably in parallel with the loss of GAD- 
containing ft cells and the extinction of antigen-driven autoim- 
munity. 

Patients showed varying immunoreactiviry to GAD^ and 
GAD 67l which share ~- 70% amino acid similarity and are 
most divergent at their amino termini (22). They also varied in 
their ability to recognize individual polypeptide segments of 
GAD W . These data suggest a diverse B lymphocyte response to 
different epitopes of GAD. While not all IDDM sera recognize 
the GAD 65 polypeptide that contains the sequence shared with 
Coxsackievirus (segment B in Fig. 5), the antibodies may recog- 
nize GAD epitopes different from those that originally acti- 
vated T lymphocytes. 

Because our initial survey of IDDM patients detected in- 
creased levels of GAD autoantibodies in a patient who devel- 
oped a sensory neuropathy long after the onset of diabetes it- 
self, we further studied GAD autoimmunity in patients with 
IDDM-associated neuropathies. We found that 8/9 patients 
who had developed clinical IDDM symptoms 1 0-4 1 years ear- 
lier, showed significant levels of autoantibodies to GAD^, 
GAD 67 , or both. Of the eight patients in this group for whom 
we had ICA data, none had detectable ICA, and their low basal 
C-peptide did not respond to intravenous glucagon, suggesting 
that the continued high levels of anti-GAD autoantibodies did 
not result from the persistence of GAD-containing 0 cells. 

The production of anti-GAD autoantibodies in patients 
with diabetic neuropathy may reflect continued stimulation of 
the immune system by GAD in the peripheral nervous system. 
Consistent with this hypothesis, Rabinowe et al. (37) have 
shown that, in some IDDM patients, autoantibodies to sympa- 
thetic ganglia are present at the diagnosis of IDDM, before the 
onset of clinical neuropathy. In addition, postmortem examina- 
tion has revealed lymphocytic infiltration of sympathetic gan- 
glia in IDDM patients with autonomic neuropathy (38). Our 
data suggest that autoimmunity to GAD, together with the met- 
abolic effects of hyperglycemia, may play an important patho- 
genic role in diabetic neuropathy in IDDM. 

The surprising similarity of the amino acid sequences of 
GAD W and GAD 67 to the P2-C protein of Coxsackievirus sug- 
gests that IDDM autoimmunity may arise by molecular mim- 
icry, as a consequence of infection by Coxsackievirus. Epidemi- 
ological studies have shown that 39% of newly diagnosed 



IDDM patients have IgM responses to Coxsackievirus, com- 
pared to 6% of controls (39, 40). The molecular mimicry hy- 
pothesis suggests a mechanism to explain both the epidemiolog- 
ical association of Coxsackievirus B 4 with human IDDM and 
its ability (in contrast to other viruses epidemiologically asso- 
ciated with IDDM) to produce diabetes in mice and primates 
(31, 41-44). Direct association of Coxsackie B 4 infection and 
subsequent onset of human IDDM has been documented in a 
few cases (45, 46). 

Coxsackievirus infection (perhaps of p cells themselves) 
may, in genetically susceptible individuals, initiate the charac- 
teristic autoimmune attack on pancreatic p cells. Viral peptides 
would then be presented to T lymphocytes, probably on the 
surface of antigen-presenting cells in the context of class II mol- 
ecules. Although the sequences of both GADs suggest that they 
are cytosolic molecules, GAD polypeptides may be presented 
on the cell surface in the context of MHC molecules (as dis- 
cussed in 47 and 48). Christie et al. (36), moreover, have dem- 
onstrated the association of the molecule we now know to be 
GAD tt with p cell membranes. GAD epitopes on the surface of 
P cells, in the context of either class I or class II molecules, 
could thus become the targets of immune responses initially 
directed against a Coxsackievirus epitope. The resultant de- 
struction of p ceils would then release more GAD 65 and 
GAD CT , including GADs from the cytoplasm. The released 
GAD could then continue to stimulate lymphocytes already 
primed to the Coxsackievirus peptide, thus perpetuating the 
immune response long after the termination of the viral infec- 
tion. This molecular mimicry would then lead to the continued 
autoimmune destruction of p cells and eventually to the devel- 
opment of clinical diabetes. 

Assays for antibodies to recombinant GADs should allow a 
straightforward means of distinguishing IDDM from other 
forms of diabetes mellitus. This should be especially useful for 
evaluating adult patients presenting with the more common 
type II, non-insulin-dependent diabetes mellitus (NIDDM). 
Patients with true NIDDM do not have ICAs or autoantibodies 
to the 64,000 M T protein or to insulin. Of adult onset patients 
initially diagnosed as having NIDDM, however, 10-15% are 
true type I (IDDM) diabetics and will eventually require insu- 
lin therapy. 

Clinical trials are now under way to test the effectiveness of 
general immunosuppressive agents (such as cyclosporin and 
azathioprine) in delaying the onset of IDDM in individuals at 
high risk, that is, who already have islet cell autoantibodies 
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(49). Autoantibodies to GAD are the earliest indication of auto- 
immunity in IDDM and the two GADs are therefore excellent 
candidates for the initial targets for autoimmunity. Future ex- 
periments will determine whether the epitope shared by GAD 
and Coxsackievirus contributes to IDDM pathogenesis. If 
GAD is indeed involved in the etiology of IDDM, it may be 
possible to devise specific, rather than nonspecific, immuno- 
suppressive strategies to block the function of specific MHC 
and T cell receptor molecules. 
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IgA pemphigus showing IgA anti-kerattnocyte cell 
surface autoantibodies is divided into subcorneal 
pustular dermatosis (SPD) and intraepidermal neu- 
trophilic IgA dermatosis (TEN) types. We previously 
showed by immunoblotting that IgA from some IgA 
pemphigus patients reacted with bovine desmocol- 
lins (Dsc), but not human Dsc. To determine the 
antigen for IgA pemphigus, we focused on confor- 
mation-dependent epitopes of Dsc, because sera of 
patients with classical pemphigus recognize confor- 
mation-sensitive epitopes of desmogleins. We con- 
structed mammalian expression vectors containing 
the entire coding sequences of human Dscl, Dsc2, 
and Dsc3 and transiently transfected them into COS7 
cells by lipofection. Immunofluorescence of COS7 



cells transfected with single human Dscs showed that 
IgA antibodies of all six SPD-type IgA pemphigus 
cases reacted with the surface of cells expressing 
Dscl, but not with cells expressing Dsc2 or Dsc3. In 
contrast, none of seven IEN-type IgA pemphigus 
cases reacted with cells transfected with any Dscs. 
These results convincingly indicate that human Dscl 
is an auto antigen for SPD-type IgA pemphigus, sug- 
gesting the possibility of an important role for Dscl 
in the pathogenesis of this disease. This study shows 
that a Dsc can be an autoimmune target in human 
skin disease* Key words: autoimmune bullous disease! 
desmosomeJkeratinocyteJmammalian cell transfectioiu J Invest 
Dermatol t09:lZ7~131 9 1997 



Desmosomal cadherins are of two types, desmoglein 
(Dsg) and desmocollin (Dsc), both of which occur 
as three isoforms, Dsgl, 2, and 3 and Dscl, 2, and 
3, derived from different genes (Buxton et dt, 1993; 
Amagai et ah 1995). Each Dsc gene produces two 
alternatively spliced products, the longer "a** form and the shorter 
"b** form, i.e. t Dsc la and Dsc lb. 

Classical pemphigus, characterized by the presence of IgG anti- 
keratinocyte cell surface autoantibodies in the sen, consists of two 
major subtypes, pemphigus vulgaris (PV) and pemphigus fbliaceus 
(PF). Brazilian PF is endemic in South America and shows features 
similar to PF. Extensive studies of these diseases have revealed that 
the autoantigen for PF and Brazilian PF is Dsgl (Stanley et <u\ 1986; 
Hashimoto et <d t 1990; Koch et of. 1990; Amagai et at, 1995) and for 
^ V is Dsg3 (Hashimoto et al 1990, Stanley et a/, 1982; Amagai et at, 
1 991). Recently, a number of cases with anti-cell surface antibodies 
of the IgA class and showing distinct clinical features have been 
reported (Ebihara et ai, 1991; Iwatsulri et al> 1991). Although 
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various terms have been used for these conditions, we will use the 
most simple term, IgA pemphigus, throughout this report. IgA 
pemphigus is divided into two subtypes, intraepidermal neutro- 
philic IgA dermatosis (IEN) type, showing pustule formation 
through the entire depth of the epidermis (Huff el a/, 1985; Teraki 
et al, 1991), and subcorneal pustular dermatosis (SPD) type, 
showing pustules in the upper epidermis (Ta garni et a\, 1983, 
Hashimoto et al t 1987). 

We have sought the target antigens for the IgA anri-keratinocyte 
cell surface autoantibodies of IgA pemphigus and found that certain 
IgA pemphigus sera recognized bovine Dsc (Ebihara et al, 1991; 
Iwatsuki et <rf, 1991). The significance of this finding, however, was 
unclear, because no IgA pemphigus sera reacted human Dsc by 
inimuno blotting. We speculated that the cause of this failure may 
be that the IgA pemphigus sera react with conformation-dependent 
epitopes on Dsc because most pathogenic autoantibodies recognize 
conformation-sensitive epitopes of desmogleins in PV and PF 
(Amagai et al, 1994, 1995; Emery et al, 1995). The widely used 
technique of immunoprecipitation is able to detect such conforma- 
tion-dependent epitopes on IgG antibodies. A technique for immu- 
noprecipitation with IgA antibodies, however, has not been estab- 
lished. 

In the current study, to detect antibodies to native Dsc mole- 
cules, .we constructed mammalian expression vectors containing 
the entire coding sequence of human Dscl, Dsc2, or Dsc3 and 
transfected them into COS7 cells by lipofection. We found that IgA 
in the sera of SPD type, but not IEN type, reacted with Dscl. This 
study shows that human Dsc can be a target autoantigen in human 
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Figure 1* Clinical and histopathologic 
features arc distinct between SPD and 
IEN types of IgA pemphigus. A patient of 
SPD type IgA pemphigus clinically showed 
superficial pustules (a). A patient of IEN type 
showed different cutaneous lesions with 
deeper pustules (b). A patient of SPD type 
histopathologicauy showed subcorneal pustule 
formation (e). A patient of IEN type showed 
pustule formation in the entire epidermis (d). 
Scale bar, 30 fun. 




skin disease and also suggests an important insight into the patho- 
genesis of IgA pemphigus. 

MATERIALS AND METHODS 

Sera We selected 13 typical cases with IgA pemphigus (six SPD type and 
seven IEN type). AH the patients of SPD type showed SPD- like clinical 
features of superficial pustules (Fig la) and histopathologically subcorneal 
pustule formation in die upper epidermis (Kg lc). In contrast, all the 
patients of IEN type showed deeper vcsiculo-pustular skin lesions, occa- 
sionally characterized by sunflower-like arrangement (Fig 16), and pustule 
formation in the entire epidermis (Fig Id). 

Sera obtained from three patients each with PV and PF as well as from 
five normal volunteers were used as controls. All sera were stored at -30°C 
or -80°C as aliquots and used immediately after thawing because IgA may 
be less stable than IgG. 

Antibodies Anti-Dsg monoclonal antibody (mAb) 32-2B (Vilela et at, 
1987) and anti-Dsc mAb 52-3D (Collins et al, 1991) were characterized 
previously. Polyclonal antibody (pAb) JCMC was obtained by immunizing 
a rabbit with a recombinant bovine Dscl -specific peptide (North ci al, 
1996). pAbs D1K2 and C+DGII were obtained by immunizing rabbits with 
peptides specific to human Dscl and Dsc2, respectively (Suzuki et al, 
manuscript in preparation). 

Kawamura et al (1994) have recently isolated a novel human Dsc cDNA, 
which was tentatively designated human Dsc4. By comparison of human 
Dsc sequences with bovine Dsc sequences that are taken as standards 
(Collins ef al, 1991 ; Parker et al, 1992; King et at, 1993; Theis et at, 1993; 
Troyanovsky et al, 1993; Kawamura et al, 1994; Legan et al. 1994; Yue et at, 
1995), this is now re-designated human Dsc3. pAb LNCF3 was obtained by 
immunizing a rabbit with a human Dsc3-specific peptide (Suzuki et al, 
manuscript in preparation). The pAbs D1K2, C+DGII, and LNCF3 were 
generous gifts from Tadaaki Suzuki, Kazuo Kawamura, and Susumu 
Tsurufuji (Institute of Cytosignal Research. Inc.). 

Preparation of Mammalian Cell Expression Constructs of Human 
Dscl, 2, and 3 and Transection into COS7 Cells To prepare a 
construct of human Dscl , wc used cDNA clones K24 (King et at. 1993) and 
K55 (King, 1994) (generous gifts from Dr. R.S. Buxton and Dr. LA. King, 
Laboratory of Eukaryotic Molecular Generics. National Institute for Medical 
Research. Mill Hill. London. U.K.). K24 contains almost the entire coding 
sequence except for the N-tcrminal end, and K55 contains the N-terminal 
region including the ATG initiation codon. To obtain cDNA covering the 
entire coding sequence, we utilized the Acd sites at nucleotide 1494 in 
human Dscl and within the multiple cloning sice of pBluescript 11 SK . The 
3.0-kbp fragment excised from K24 by Accl digestion, which contains die 
Cterminal region of Dscl, was subcloned into drri-digested K55, and a 



clone with the proper orientation, designated K24/K55, was selected. The 
BimHl/Xbrf-digested fragment of K24/K55 containing the entire coding 
sequence of human Dscl was subcloned into the eukaryotic expression 
vector pcDNAI/Amp (Invitrogen Corp., San Diego. CA) previously di- 
gested with BamHl/Xbal. A done designated pcDNAI-hOscl was selected 
and propagated. 

To prepare a construct of human Dsc2, the entire coding sequence was 
obtain by ficoRI digestion from pPB192 (a generous gift from Dr. R.S. 
Buxton and Dr. 1. A King), which is a pBluescript vector carrying the L5 
clone (Parker et al, 1992). This cDNA fragment was subcloned into 
EtwRJ-digested pcDNAI/Amp, and a clone with the proper orientation, 
designated pcDNAI-hDsc2, was selected. 

pcDNAI-hDscl and pcDNAI-hDsc2 allow the expression of full-length 
cDNA inserts of human Dscl and Dsc2 under the control of the cytomeg- 
alovirus promoter. 

Preparation of human Dsc3 cDNA (a generous gift from Tadaaki Suzuki, 
Kazuo Kawamura, and Susumu Tsurufuji) subcloned into the eukaryotic 
expression vector, pcDL-SRa296, was previously described (Kawamura et 
al, 1994). This done allows the expression of a full-length human Dsc3 
cDNA insert under the control of the simian virus early promoter, SRa 
(Kawamura et at, 1994; Takabe et al, 1988). All three clones produced "a** 
form (longer form) of each Dsc species. 

Transient transfection of COS7 cells using lipofectAMIN reagent (Life 
Technologies, Gaithersburg, MD) was carried out according to the manu- 
facturer's recommendations. 

Immunofluorescence Immunofluorescence of normal human skin sec- 
tions was performed by a standard method (Beutner et aL 1968) using 
fluorescent-conjugated anti-human IgG (specific to y-chains), anti-human 
IgA (specific to a-chains), anti-mouse Igs ( and anti-rabbit Igs antiscra 
(DAKO, Glostrup, Denmark) as secondary antibodies. 

Immunofluorescence of unfixed COS7 cells transiently transfected with 
Dscl, 2,.or 3 cDNAs was performed by the method of Stanley et at (1982). 
The cells cultured on coverglasscs were first incubated at 4°C for 30 min in 
phosphate-buffered saline containing 1% bovine serum albumin and 0.1% 
NaN^ to reduce background and membrane fluidity, respectively. The cells 
were incubated for 1 h at -4°C with patients' sera or specific antibodies 
diluted in the same buffer and subsequently with second antibodies conju- 
pted with either FITC or rhodamine. For double labeling, the cells were 
incubated with a mixture of diluted sera and rabbit anti-Dsc pAb and 
subsequently with mixture of fluoresccin-conjugated ami-human IgA anti- 
serum and rhodaminc-coujugated anti-rabbit Ig antiserum (DAKO). In 
some experiments, die cells were fixed and permeabilized by treatment with 
100% methanol tor 20 min at -20*C before immunostaining. 
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Figure 2. Immunofluorescence of nor- 
mal human skin sections for anti-Dsc 
pAbs and IgA pemphigus sera sug- 
gested that SPD and BEN types may 
react with Dscl and Dsc3, respec- 
tively. Anti-Dsc I peptide pAb JCMC 
stained keratinocyte cell surfaces in the 
upper epidermis (a), whereas anti-Dsc3 
pepdde pAb LNCF3 stained cell surfaces in 
the entire epidermis (b). A SPD type IgA 
pemphigus serum stained the uppermost 
epidermis (e) t and an I EN type IgA pemphi- 
gus serum stained the entire epidermis (d). 
Scale bar. 30 fun. 



Immunoblot Analysis of Normal Human Epidermal Extracts, Bo- 
vine Desmosomc Preparations, and Extracts of COS7 Cells Trans- 
fected with Dscl, 2, and 3 Preparation of extracts of normal human 
epidermis separated by dispase treatment, partial purification of desmo- 
.imes from bovine moot epidermis, and procedures for electrophoresis and 
immnnoblotting were described previously (Hashimoto ef al t 1990; Ebihara 
rt al, 1991). All peroxkiase-conjugated anti-human IgG (specific to 
T^chains), ami-human IgA (specific to a-chairo), arm-mouse Igs. and 
anti-rabbit Ig antisera used as secondary antibodies were obtained from 
DAKO. 

COS7 cells transiendy expressing Dscl, 2, and 3 were rysed with 
LaemmlTs sample buffer (LaeromU, 1970) and subjected to electrophoresis. 
Immunoblotring was performed by the same method as for epidermal 
extracts or desmosome preparations. 



RESULTS 

Immnnofluoresceace of Normal Human Skin Sections Sug- 
gested that SPD and EEN Types of IgA Pemphigus May 
React with Dscl and Dsc3, Respectively With immunoflu- 
orescence of normal human skin sections, anti-Dsc 1 peptide pAbs 
(JCMC and D1K2) stained keratinocyte cell surfaces in the upper 
epidermis but not the keratinized layer (Fig 2a). By contrast, pAb 
against Dsc3 peptides (LNCF3) stained cell surfaces at all levels in 
the epidermis except the keratinized layer (Fig 26). The reactivity 
of the anti-Dsc2 pAb C+DGll was very weak and stained cell 
surfaces of the spinous layer nearly down to the basal layer in 
normal skin, staining in the upper layers being much stronger. All 




Figure 3, Immunofluorescence of COS7 
cells transfected with human Dscl, 2, or 
3 indicated that the aatoantigen for SPD 
type IgA pemphigus Is Dscl. A SPD type 
IgA pemphigus serum clearly stained cell sur- 
face of COS7 cells transfected with Dscl in a 
granular pattern (a), whereas an IEN type IgA 
pemphigus serum showed no reactivity (b). 
With double immunostaining, IgA antibodies 
in a SPD type oflgA pemphigus scrum (c) and 
anti-Dsc 1 pAb JCMC (d) showed exactly the 
same staining pattern. Scale bar, 30 jxm. 
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Table I. Immunofluorescence of Various Antibodies and 
Sera with Normal Epidermal Sections and Dscl -3- 
Transfected COS7 cells 

COS7 Cells with 



Antibodies 
and Sera 


(No.) 


Section of 
Epidermis 


Dsct 


Dsc2 


Dsc3 


mAB52-3D 




(+) all layers 


+ 


+ 


+ 


pAbJCMC 




(+) upper layers 


+ 






pAb D1K2 




(+) upper layers 


+ 






pAb C+DGII 




(+) upper-mid layers 




+• 




pAb LNCF3 




(+) all layers 






+ 


SPD type IgA 












pemphigus 


(6) 


(+) upper layers 


6 


0 


0 


IEN type IgA 












pemphigus 


(7) 


(+0 all layers 


0 


0 


0 


PV 


(3) 


(+) lower layers 


0 


0 


0 


PF 


(3) 


(+) all layers 


0 


0 


0 


Normal 


(5) 


(") 


0 


0 


0 



the sera of patients with SPD- type IgA pemphigus stained the upper 
epidermis (Fig 2e) t resembling the pattern for Dscl, whereas all the 
sera from patients with IEN-type IgA pemphigus stained the entire 
epidermis (Kg 2d), resembling staining for Dsc3. AU the IgA 
pemphigus sera contained autoantibodies of IgA class, but not IgG 
class. All the results are summarized in Table I. 

Immimoblotting of Epidermal Extracts and Desmosome 
Preparations Showed Controversial Results We first exam- 
ined the reactivity of anti-Dsc autoantibodies of the IgA class by 
immunoblot analyses using both normal human epidermal extracts 
and bovine snout desmosome p rep a r a tions and then compared their 
reactivities with those of anti-Dsc mAb or pAbs. 

With immunoblottmg of bovine desmosome preparations, the 
anti-Dsc mAb, 52-3D, and the rabbit pAbs against Dscl, 2, and 3 
peptides reacted with two protein bands of approximately 115 kDa 
and 105 kDa (data not shown, but see Ebihara rt of, 1991). The IgA 
antibodies in the sera of three cases with SPD type and two cases 
with IEN type also reacted with a doublet of proteins showing 
similar mobilities to those recognized by the anti-Dsc antibodies: 
With immunoblotting of normal human epidermal extracts, none 
of the IgA pemphigus sera showed specific reactivity, whereas PV 
and PF sera reacted with the 130-kDa Dsg3 and the 160-kDa Dsgl 
polypeptides, respectively, both of which were also recognized by 
the 32-2B anti-Dsg mAb. The 1 10-kDa and 100 -kDa human Dscs 
were recognized by the 52-3 D mAb (data not shown). The normal 
control sera showed no specific reactivity with immunoblotting of 
either antigen source. 

Immunofluorescence of COS7 Cells Transfected with Hu- 
man Dscl, 2, or 3 Indicated That the Auto antigen for 
SPD-type IgA Pemphigus Is Dscl When COS7 cells tran- 
siently transfected with human Dscl, 2, and 3 cDNAs were stained 
without fixation, the transfected cells reacted with pAbs specific to 
each Dsc: i.e., Dscl with JCMC and D1K2 pAbs, Dsc2 with 
C+DGII, and Dsc3 with LNCF3. No cross-reactivity was observed 
(data not shown). The positive cells, approximately 10% of the 
population, showed clear granular staining on the cell surface. 
Because 52-3D mAb reacts with the cytoplasmic domain of Dscs, 
the cells were permeabilized by treatment with 100% methanol. 
This mAb reacted with COS7 cells transfected with each of the 
three Dscs. 

The IgA antibodies in all six sera of SPD-type IgA pemphigus 
reacted with COS7 cells expressing Dscl (Fig 3a), but none of the 
seven sera of the IEN type showed this reactivity (Fig 3b). The IgA 
antibodies in both types of IgA pemphigus did not react with either 
Dsc2 or Dsc3. IgG antibodies in three serum samples of SPD-type 
IgA pemphigus were examined, but no staining was observed in the 
Dsc-transfected celts. Neither IgG nor IgA in any control PV, PF, 



or normal sera showed reactivity. All the results are summarized in 
Table I. 

When the COS7 cells were stained simultaneously with SPD- 
type IgA pemphigus serum and anti-Dsc 1 pAb JCMC, the cell 
stained with the patient's IgA were also stained with the pAb (Fi^ 
3c, J). The staining intensity of both the IgA pemphigus sera and 
anti-Dsc 1 pAb, however, was considerably reduced, suggesting 
that the patient's IgA reacts with a region similar to that recognized 
by the pAb and interferes with the reactivity of the pAb by steric 
hindrance. 

To examine the possibility that IgA of IEN-type IgA pemphigus 
may react with intra cytoplasmic domain of Dsc3, the cells perme- 
abilized by 100% methanol treatment were also examined. None o r' 
the seven IEN-type IgA pemphigus sera, however, stained cel. 
surfaces of Dsc3-transfected COS7 cells, although considerable 
background staining made the staining a little obscure (data not 
shown). 

Immunoblotting of Lysate s of COS 7 Cells Transfected with 
Human Dscl, 2, or 3 Confirmed That All the Dsc 1-3 cDNA 
Clones Expressed Bach Molecule with a Proper Size With 
immunoblotting of the lysate of COS7 cells transfected with human 
Dscl, 2, or 3 cDNAs, proteins of approximately 100 kDa were 
detected by pAb specific for each Dsc. In Fig 4, lane I is for 
standard molecular weight markers. Lane 2 shows the lysate of 
Dscl-transfected cells stained with anti-Dscl pAb JCMC; lane 3 
shows the lysate of Dsc2-transfected cells stained with pAb 
C+DGII, and lane 4 shows the lysate of Dsc3-transfected cells 
stained with mAb 52-3D. The pAb LNCF3 reacted with the same 
protein band in the Dsc3-transfected cell lysate. No Dsc protem 
was detected by pAb specific to other iso forms of Dsc, confirming 
the specificity of each pAb. Whereas a single protein band was 
recognized in Dsc2- and Dsc3- transfected COS7 cells, however, a 
doublet of protein bands as well as lower protein bands was 
detected in Dscl-transfected cells (tone 2). The reason for this 
reactivity is not known. These protein bands could be accounted 
for by unprocessed precursor or breakdown product. It is not likely 
that these bands represent "a" and **b M forms of Dsc, because the 
cells were transfected with cDNA. The same proteins were also 
recognized by the 52-3D mAb (data not shown). The Dscs 
expressed in COS7 cells, however, were not detected by IgA 
antibodies in any IgA pemphigus sera (data not shown). 




Figure 4. Immunoblotting of lysates of COS7 cells transiently 
transfected with human Dscl, 2, or 3 confirmed that all the Dscl -3 
cDNA clones expressed each molecule with correct size. Lane i is for 
standard molecular mass markers, indicating the positions of 200 kDa, 120 
kDa, 87 kDa, and 48 kDa from top to bottom. Lane 2 shows the lysate of 
Dscl-transfected cells stained with anti-Dscl pAb JCMC; lane 3 shows the 
lysate of a Dsc2-transfected cells stained with pAb C+DGII; and hue 1 
shows the lysate of a Dsc3-tramfcctcd cells stained with mAb 52-3D. 
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DISCUSSION 

Immunofluorescence of normal human skin sections showed that 
IgA antibodies in sera of IEN-type IgA pemphigus bind to the 
keratinocyte cell surfaces at all levels in the epidermis, whereas IgA 
in sera of SPD-type IgA pemphigus bind only to the upper 
epidermis. The staining pattern of the SPD-type sera was very 
similar or identical to that shown by anti-Dscl pAbs. This suggested 
that sera of SPD-type IgA pemphigus might contain autoantibodies 
against Dscl. 

We have shown, with immunofluorescence of non-fixed COS7 
celts expressing human Dscl, 2, or 3, that all the sera of SPD-type 
IgA pemphigus reacted with Dscl, but none of the sera of IEN type 
showed this reactivity. IgA antibodies in both types of IgA pem- 
phigus reacted with neither Dsc2 nor Dsc3. The most likely reason, 
therefore, for the failure to detect human Dsc with immunoblotting of 
human epidermal extracts is that these epitopes on Dsc molecules may 
be altered by extract i on, isolation, and immunoblotting procedures. 

These results convincingly show that human Dscl is an auto an- 
tigen for SPD-type IgA pemphigus, which may therefore play an 
important role in the pathogenesis of this disease. This study also 
shows that a human Dsc can be a target antigen for an autoimmune ~ 
blistering skin disease. 

We initiated this study because we found that some IgA pem- 
phigus sera react with bovine Dsc molecules in immunoblotting. It 
is soil not clear, however, why some IgA pemphigus sera reacted 
with bovine, but not human, Dsc under these conditions. It may be 
mat greater amounts of Dsc proteins were obtained in the bovine 
desmosome preparations than in extracts of human epidermis. 
Alternatively, it may be that bovine desmosomal glycoproteins 
retain more of their normal conformation on immunoblots because 
of some undefined species difference. The autoantibodies would 
then react with epitopes in the bovine desmosomes while similar 
epitopes disrupted in blotted human glycoproteins. 

We anticipated that sera of IEN-cype IgA pemphigus might react 
with Dsc3, because the staining pattern in human epidermis was 
similar to that of anb>Dsc3 pAb. This study does not indicate, 
however, that the target antigen for IEN-type IgA pemphigus is Dsc. 
Our previous irnrnuno-electron microscopic study also indicated that 
the antigen for IEN type is not present in desmosomes (Akryama et af, 
1 992). Therefore, it is plausible that die antigen for the IEN type is not 
a desmosomal protein. The results of this study reinforce the view that 
distinct antigen profiles are responsible for the dinico-pathologic 
differences between the IEN and SPD types of IgA pemphigus. 

Although the target antigen of these IgA autoantibodies has been 
identified, their pathogenic role has not been directly confirmed. 
This question should now be resolved using the mouse model, as 
has been done for pemphigus autoantibodies. This study also shows 
that immunofluorescence using cells transfected with cDNA en- 
coding possible antigen proteins is a useful method for denning 
antigens whose epitopes are conformation-dependent and so can- 
not be detected with conventional immunoblotting. 



We arc grateful to Dr. Roger S. Buxton and Dr. Ian A. King, Laboratory of 
Bikaryotk Molecular Geitetks, National Institute for Medical Research, Mill Hill, 
London, U.K., for providing the cDNA clones of human Dscl and Dsc2. We also 
thank Tadaaki Suzuki, Kaztto Kawamtcra, and Susumtt Tsttrufuji, Institute of 
Cytosignal Raeardi, Inc., Tokyo. Japan, for the cDNA done for human Dsc3 and 
polyclonal antibodies to human Dsci-3. 77iu work was supported by Grant-in-Aid 
for Scientific Research from the Ministry of Education, Science and Culture of Japan 
(04454289), a grant from the Ministry of Health and Welfare of Japan, and a 
Collaltaratum Researrh Project of the British Council, Tokyo, Japan. 



REFERENCES 

Alciyama M, Hashimoto T, Sugiura M. Nishikawa T: Ultrastrueturai localization of 
autoantigens of intercellular Ij^ vesiculopusrular dermatosis in cultured human 
squamous cell carcinoma cells. Arch Dermatol Res 284:371-3, 1992 

Amagai M, Klaus-Kovrun V. Stanley JR: Autoantibodies against a novel epithelial 
cadheriii in pemphigus vulgaris, a disease of cell adhesion. Cell 67:869— H77, 1 99 1 



Amagai M, Hashimoto T, Shimizu T, Ntshikawa T: Absorption of pathogenic 
autoantibodies by the extracellular domain of pemphigus vulgaris antigen (Dsg3) 
produced by baeuiovirus.J Clin Invest 94:59-67, 1994 
Amagai M. Hashimoto T, Green K, Shmuzu N, Nishikawa T: Antigrn-jpccific 
tmmunoadsorpdon of pathogenic autoantibodies in pemphigus fbliaccus. J Invest 
Dermatol 104:895-901, 1995 
Amagai M: Adhesion molecules, 1: KcTaanocYte-keratinocytc interacttoas; Cadherins 

and pemphigus. J Invest Dermatol 104:146-152, 1995 
Beumer EH, Joed on RE, Chorzelski TP: The immunopathology of pemphigus and 

bullous pemphigoid.,/ Invest Dermatol 51:63-80, 1968 
Buxton SIS, Co win P. Franke WW. Garrod DR, Green KJ, King IA. Koch Pj, Ma gee 
AI, Rees DA, Stanley JR, Steinberg MS: Nomenclature of the desmosomal 
cadhenns. J Off Biol 121:481-483, 1993 
Collins JE, Legan PK, Kenny TP, MacGarvieJ, Holton JL, Garrod OR: Cloning and 
sequence analysis of desmosomal glycoproteins 2 and 3 (desmocollms): cadherin- 
Uke desmosomal adhesion molecules with heterogenous cytoplasmic domains. J 
CeU Blot 113:381-391, 1991 
Ebtbara T, Hashimoto T, Iwatsuki K, Takigawa M, Ando M, Ohkawara A, Nishikawa 
T: Aut oan ti gens for IgA md-tntercelluUr antibodies of intercellular IgA vesicu- 
lopusralar dermatosis. J Invest Dermatol 97:742-745, 1991 
Emery DJ. Diaz LA. Fairley J A. Lopez A, Taylor AF, Giudicc GJ: Pemphigus foliaceus 
and pemphigus vulgaris autoantibodies react with the extracellular domain of 
desmogfein-1. J Invest Dermatol 104:323-328. 1995 
Hashimoto T, Inamoto N, Nakamura K, Ntshikawa T: Intercellular IgA dermatosis 
with clinical features of subcorneal pustular de in i a tnsis. Anli Dermatol 1 23:1062. 1987 
Hashimoto T. Ogawa MM, (Conohana A, Ntshikawa T: Detection of pemphigus 
vulgaris and pemphigus fbliaceas antigens by hnraunablot analysis using different 
antigen sources. J Invest Dcrmmtol 94:327-331, 1990 
Huff JC Gofitz LE, Knnke KS: Intraepidrrmal neutrophilic IgA dermatosis. N Engl 

J Med 313:1643, 198S 
Iwatsuki K, Haihimoto T, Ebihara T, Teraki Y, Nishikawa T, Kaneko F: Intercellular 
IgA vesinikv-pustular dermatosis and related disorders: diversity of IgA an ti- 
ro terceUuiar autoaiitibodies. Ear J Dermatol 3:7-1 1, 1991 
KAwaxnora K, Watanabe K, Suzuki T, Yamakawa T, Kamiyama T, Nakagawa H. 
Tsurufuji S: cDNA cloning and expression of novel human desmocollin. J Biol 
Chew 269:26295-26302, 1994 
King I A, Amemann J, Spurr NK, Buxton RS: Cloning of the cDNA (DSC1) coding 
tor human type 1 desmocollin and its assignment to chromosome 18. Cetumks 
18:185-194, 1993 

King IA: Identification of the ATG initiation codon tn human type I desnsocotlin. 
J lavest Dermatol 102:822, 1994 

Koch PJ, Walsh MJ, Schmelz M, Goldschmidt MD. Zimbchnann R, Franke WW: 
Idenuncarioa of desxnoglcbi, a coristitntive dcsTUosornal glycoprotein, as • member 
of the cadhetin fondly of cell adlieakm mnlmisrt, Eur J Celt Blot 53:1-12, 1990 

Kowalczyk AP, Anderson JE, Burgwardt JE Hashimoto T, Stanley JR, Green KJ: 
Pemphigus sera recognize canfarmationally sensitive epitopes hi the amino- 
terminal region of desmogiein-1 (Dsgl).J Invest Detmatat 105:147-152, 1995 

LaernrnR UK: Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227:680- 685, 1970 

Legan PK, Yuc KKM, Chidgey MAJ. Holton JL, Wilkinson RW, Garrod DR: The 
bovine desmocollin family: a new gene and expression patterns reflecting cell 
proliferation and differentiation. J Crf/ Bio! 126:507-518, 1994 

North AJ, Chidgey MAJ. Clarke JP, Barddey WG, Garrod DR: Distinct desmocoOin 
bofbrms occur in the some desmosomes and show reciprocally graded distribu- 
tions in bovine nasal epidermis. Pnc Natl Acad Sci USA 93:7701-7705, 1996 

Parker AE, Wheeler GN, Amemann J. Pidsley SC. AtaUotis P. Thomas CL, Rees DA, 
Magee AL Buxton RS: Desmosomal glycoproteins II and III: cadherin-like 
junctional molecules generated by alternative splicing. J Biol Cltem 266:10438- 
10445. 1992 

Stanley JR, Yaar M, Hawlcy-Nelson P, Katz SI: Pemphigus antibodies identify a cell 
surface glycoprotein synthesized by human and moose keratinocyte Qin Invest 
70:281-288. 1982 

Stanley JR. Koulu L, Klaus-Kovtun V, Teinberg MS: A monoclonal antibody to the 
desmosomal glycoprotein desmuglcin I binds the same polypeptide as human 
autoantibodies in pemphigus foliaceus. J biuuunol 136:1227—1230, 1986 

Tagami H. Iwatsuki K, Iwase Y, Yamada M: Subcorneal pustular dermatosis with 
vcsiculo-ballous eruption: demonstration of subcorneal IgA deposits and a 
leukocyte chemotacttc factor. Br J Dermatol 109:581-587, 1983 

Takabe Y. Seiki M, FujisawoJ, Hoy P, Yokota K, Arai K, Yoshida M, Arai N: SRa 
promoter: an efficient and versatile mammalian cDNA expression system com- 
posed of the simian virus 40 early promoter and the R-US segment of human 
T-cell leukemia virus type I long temunal repeat. Mot Cell Biol 8:466-472, 1988 

Teraki Y. Amagai M, Hashimoto T. Kusunoki T. Nishikawa T: Intercellular IgA 
dermatosis of childhood, selective deposition of monomer IgA I in the intercel- 
lular space of the epidermis. Arch Dermatol 127:221-224. 1991 

Thcis DC, Koch PJ, Franke WW: Differential syndiesis of type 1 and type 2 
desmocollin inRNA in human stratified ephhelia. lutj Dev HiW 37: 101-1 10. 1993 

Troyanovsky SM, Eshkind LG. Troyanovsky RB. Lcube RE, Franke WW: Contri- 
butions of L-ytoplasmic domains t>f desmosomal cadhenns to desmiwimc assembly 
and intermediate filament ancltontgc. Celt 72:561-574, 1993 

Vilela MJ, Parrish EP. Wright DH. Carrod DR: Monoclonal antibody to desmosomal 
glycoprotein 1 — A new epithelial marker for diagnostic pathology. J Pathat 
153:365-375. 1987 

Yuc KKM, Holton JL. Clarke Jl\ Hyam JLM, Hashimoto T, Chidgey MAJ. Garrod 
DR: Characterization of a desmocollin isoform (bovine Dsc3J exclusively 
expressed in lower layers of umtifted epithelial Cell Sri 108:2163-2173. 1995 



Brief Definitive Report 



The Synaptic Vesicle-associated Protein Amphiphysin 
Is the 128-kD Autoantigen of Stiff-Man Syndrome 
with Breast C ancer 

By Pietro De Camilli,** Annette Thomas,"? Roxanne CofielT* 

Franco Foffi,* Beate Lichte,S Giovanni Piccolo.ll 
Hans-Michael Meinck.t Mario Austoni,** Giuliano Fassetta tt 
Gianfranco Bottazzo,SS David BatesJH Niall CartUdgeJII 
Michele Solimena ** and Manfred W. KilimannS 



From tie Department of Cell Biology and ^Howard Hugh* Medical Institute. Yak University 
School of Mediant. New Haven. Connecticut 06510; the *InstitHi far Physiologische Chemie, 
DlV-4630 Bochum 1. Germany; the "Istituto Neurologko Mondino, Universita" di Flavia. 
27100 Pinna, Italy; the ^Neunlogische Klinik. University of Heidelberg D44780 Heidelberg, 
Germany; the "Istituto di Semewtka Medico. University ofPadova, 35100 Fadom hah; the 
*Dhnaone Neuroldgka. Ospedale di BeBuno, 32100 BeUuno, Italy, the ^Departrm\nt of 
Immunology, London Hospital Medical College. London El, 2AD. United Kingdom; and the 
"Department of Neurology. Royal Victoria Infirmary. Newcastle upon Tyne NE1, 4LP United 
Kingdom 



Summary 

Stiff-Man syndrome (SMS) is a rare disease of the central nervous system (CNS) characterized 
progr«sive rigidity of the body musculature with superimposed painful spasms. An autoimmune 
origin of the disease has been proposed. In a caseload of more than 100 SMS patients, 60% 
1^ te mVC ^ A ^ to f dbodics dkc T 1 the GAEA-syntiiesizing enzyme glutamic 

^ddcc^bo^^GAD). Few patients, all women affected by breast cancerfwere native for 
™ auto ^tibodies but positive for autoantibodies directed against a 128-kD synaptic protein 
^report here that this antigen is amphiphysin. GAD and amphiphysin are rK>nmtrinric membrane 
proteins that are concentrated in nerve tenninals, where a pool of both proteins is associated 
v^he c^oplasn^ surface of synap tic vesicles. GAD and amphiphysin are the only two known 
targets of CNS autoimmunity with this distribution. This finding suggests a possible link between 
autoimmunity directed against cytoplasmic proteins associated with synaptic vesicles and SMS. 



Stiff-Man syndrome (SMS) is a rare human central nervous 
system (CNS) disease, characterized by chronic rigidity 
of the body musculature with superimposed painful spasms 
(1). It is thought to result from an impairment of inhibitory 
pathways that control motor neuron activity (2-4). It was 
previously suggested that SMS may have an autoimmune 
pathogenesis. 60% of the patients affected by this condition 
are positive in their serum and cerebrospinal fluid (CSF) for 
autoantibodies directed against the GABA-synthesizing en- 
zyme glutamic acid decarboxylase (GAD) (5-8). In our cur- 
rent caseload of 119 patients referred to us with a clinical 
diagnosis of SMS, 72 were found positive for these autoanti- 
bodies (Guarnacda, J., M. Solimena, K. Marek, and P. De 
Camilli, unpublished observations). In the SMS patient sub- 
population positive for GAD autoantibodies, a frequent oc- 
currence of insulin-dependent diabetes mellitus and of other 
organ-specific autoimmune diseases is observed (6, 7). 
We have recently described three female patients with SMS 



and breast cancer and no signs of organ-specific autoimmune 
diseases. These three patients (referred to henceforth as pa- 
tients BC-SMS 1, 2, and 3, respectively) were negative for 
GAD autoantibodies but were positive for autoantibodies 
directed against a 128-kD neuronal antigen concentrated at 
synapses (9). We have now identified a fourth patient with 
both breast cancer and SMS syndrome. This patient (BC-SMS 
4), as well, was positive for autoantibodies to the 128-kD 
protein (this study). The characterization of this autoantigen 
is crucial to the elucidation of pathogenetic mechanisms in 
SMS with breast cancer. 

Recently, a novel synaptic vesicle-associated protein, am- 
phiphysin, was described (10). This protein was identified 
by screening a chicken brain Xgtll library with antibodies 
raised against chicken brain synaptic proteins. Amphiphysin, 
an acidic protein present in chicken as well as in mammalian 
nervous tissue, was shown by immunocytochemistry to be 
concentrated in nerve terminals. A large fraction of am- 
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phiphysin is present in cytosoiic fractions of brain homogenates 
but a pool of the protein is recovered in a tightly bound form 
in highly purified synaptic vesides, although the protein is 
not enriched on these organelles (10). Some of the properties 
of amphiphysin were reminiscent of the properties of the 128- 
kD antigen (10). Therefore, a detailed comparison of the char- 
acteristics of the two proteins was performed. We report here 
that the 128-kD antigen is amphiphysin. 

Materials and Methods 

Mateids. Three sera of SMS patients affected by breast cancer 
were previously described (9). These sera, denned BC-SMS 1, 2, 
and3, correspond to sera of patients l t 2, and 3, respectively, of 
reference 9, Serum BC-SMS 4 is from a new patient with both 
conditions. A GAD autoantibody-positive human serum is from 
our caseload of SMS sera (6, 8). Rabbit polyclonal antibodies directed 
against a 0-galactosidase chicken amphiphysin fusion protein were 
previously described (10), These antibodies were shown to recog* 
mze rat amphiphysin (10). Rabbit sera directed against synaptopbvsin 
(11) and GAD (serum no. 6799 (12)) were the kind gift of Dt R. 
Jahn (Vale University, New Haven, CT), and Drs. 2. Katarova and 
G. Szabo (Hungarian Academy of Sciences, Saeged. Hungary), 
respectively. Small-scale tysates of bacteria expressing *M*tc*iaW 
rusion proteins were prepared according to reference 13. 0IC3 and 
orTC9 cell lines were the kind gift of Drs. D. Hanahan (Umversity 
of California, San Francisco, CA), S. Efrat (Albert Einstein Col- 
lege of Medicine, New York. New York), and E. Later (Jackson 
Laboratories, Bar Harbor, ME), and PC12 cells were the gift of 
Dr. L. Greene (Columbia University, New York). 

Western Blading of One- and Tuxnkmensional Cek Total rat brain 
homogeuate was prepared as described (6, 14). Pbstnuclear super- 
natants of rat tissues and of cell lines were prepared by homogeni- 
zauon in 10 vol of ice-cold 10 mM Hepes buffer; pH 7.4, con- 
taming fteshly added protease inhibitors (0.1 mM PMSF, 1 ^tg/ml 
each of antipain, leupeptin, aprotinin, and pepstatin A) followed 
by centrimgation at 1.000$ for 10 nrin at 4°C R>r two-dimensional 
gek this supernatant (SI) was centrifuged at 170,000 g for 2 h 
at 4°C and the resulting supernatant was analyzed by the proce- 
dure described by O'Farrell et al. (15) and modified by Ames and 
Nucaico (16). ^western blotting was performed as described (6, 14) 
using ^I-protein A. Patient sera were used at the dilution of 
1:250. 

Cell Fmdionatiott and Trim X-114 Phase Separation. Apostnudear 
supernatant of rat brain (SI) was prepared as described above, Si 
was centrifuged at 36,000 g for 30 min at 4*C The resulting su- 
pernatant (S2) was separated into particulate (P3) and cytosoiic (S3) 
fractions by centrifugation at 170,000 g for 2 h at 4°C. P3 and 
S3 were extracted in 2% Triton X-114, and insoluble material was 
removed by centrifugation at 20,000 g for 30 min at 4°C The 
soluble material was separated into detergent CD) and aqueous (A) 
phases as described (17). Volumes loaded in each lane were normal- 
ized so that corresponding aliquots of supematants and pellets (or 
detergent and aqueous phases) were haded for each pair effractions. 

Immunopmipitatfon. A soluble fraction of rat brain (S3) pre- 
pared as described above was extracted in ice-cold 2% Triton X-100 
150 mM NaCI, 10 mM Hepes, pH 7.4, for 2 h. Insoluble material 
was removed by centrifugation at 20,000 g for 30 min at 4°C The 
resulting supernatant was diluted with an equal volume of 150 mM 
Nad, 10 mM Hepes, pH 7.4 (buffer A), to a final protein concen- 
tration of 1 mg/ml. 900-^1 aliquots of extract were precleared as 
desenbed (5) and used for each immunoprecipiution. For imrmi- 



nopreapitation, the following additions were made in sequential 
order (a) 25 /xl human sera (16 h); (b) 20 fd rabbit anti-human 

aT^v } i Md W 125 ^ 50% P 10 **™ A -Sepnarose in buffer 
A (1.5 h). All incubations were performed at 4°C with rotation. 
Iinmunoprecipitated material was recovered and analyzed by Western 
blotting as described (14). 

Results and Discussion 

Kg. 1 shows Western blots of total rat brain homogenate 
demonstrating that the 128-kD antigen, Le. f the protein rec- 
ognized by the sera of BC-SMS patient (lanes 1-3), has the 
same electrophoretic mobility in SDS-PAGB as the protein 
recognized by rabbit serum (lane 4) and afiimty-purified an- 
tflxxHes (lane 5) raised against a chicken amphiphysin fusion 
protein. Chicken amphiphysin was calculated to have a mo- 
lecular mass of 75.204 daltons, but in SDS-PAGE runs, it 
had an apparent molecular mass of 115-125 kD (10). This 
molecular mass is very similar to the one of 128 kD esti- 
mated here for the rat protein. Kg. 2 shows that the 128-kD 
antigen and amphiphysin have an identical isodectric point 
of 4.7 in two-dimensional gels. This isoelectric point « mfa* 
to the predicted isoelectric point of 4.4, calculated on the basis 
of the amino acid composition of chicken amphiphysin (10). 

The distribution of the 128-kD antigen and of amphiphysin 
were compared in the course of subcellular fractionation of 
brain homogenates. As shown in Eg. 3, a and b, both the 
autoantigen and amphiphysin were present in roughly equal 
amounts in a cytosoiic fraction (S3) and in a particulate frac- 
tion (93) obtained from rat brain. Synaptophysin, an mtrinsic 
membrane protein of synaptic vesicles, was present exclusively 
in the particulate fraction (P3) (Kg. 3 c), demonstrating that 
the centrimgation conditions used were sufficient to sediment 
all membranes. Membrane-bound amphiphysin was previously 
shown to be recovered in the aqueous phase after IHton X-114 
extraction and phase separation (10). As shown in Kg. 3, 
a and b, both the 128-kD antigen and amphiphysin were com- 
pletely solubilized by Triton X-114 and were recovered ex- 
clusively in the aqueous phase irrespectively of whether the 
extraction was performed on P3 or S3 (Kg. 3, a and i). The 
eflectiveness of phase separation conditions was confirmed 
by the presence of the bulk of synaptophysin (a protein with 
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Figure 1. The 128-kD antigen and 
amphiphysin have identical electro* 
phoretic mobilities in SDS gels. 
Western blots of total rat brain ho- 
mogenate probed with sera of three 
BC-SMS patients and rabbit anoam- 
phiphysin antibodies (lane 4, crude 
serum [AmphS]; lane J, affinity- 
purified antibodies [AmphAP]). The 
128-kD antigen is indicated by an 
arrow. The single band of am- 
phiphysin and of the 128-kD antigen 
visible in this gel can be resolved in 
a doublet of two closely spaced bands 
under different electrophoresis condi- 
tions (9 t 10). 
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Figure 4. BC-SMS patient sexa immu- 
noprccipitate amphiphysin from rat brain 
extracts. Immunoprecipitates obtained 
with the sera of three BC-SMS patients 
(lanes 1-3) and with the serum of a SMS 
patient positive for GAD autoantibodies 
(SMS-GAD) (lane 4) were separated by 
SDS-PAGE. (a) I mmu nob lot ted with 
rabbit anriaraphiphysin serum {Ampk-Sfc 
and (b) immunoblotted with the rabbit 
anti-GAD serum na 6799 (GADS) (12). 



Figure 2. The 128-kD antigen and amphiphysin have identical elec- 
ttophoretic mobilities in two-dimensional gels. Western blot of two- 
dimensional gels of a soluble rat brain fraction probed with BC-SMS 1 
serum (a) and rabbit andarnphiphysin serum (b). Numbers at the top indi- 
cate isoelectric points, numbers at the left indicate molecular mass markers 
(in kD). 



four transmembrane regions (18)) in the detergent phase ob- 
tained from P3 (Kg. 3 r). 

The 128-kD antigen and amphiphysin were found to be 
immunologically cross-reactive. To prove that andarnphiphysin 
antibodies recognize the 128-kD antigen, BC-SMS patient 
sera were used to immunopiedpitate the 128-kD antigen from 
soluble extracts of rat brain, The presence of amphiphysin 
in the immunoprccipitate was then analyzed by Western blot- 
ting using antiamphiphysin serum. An unmunoreactive band 
with electrophoretic mobility of 128 kD was detected (Eg. 
4 d, lanes 1-3) while no GAD was recovered in the same 
unmunoprecipitates (Eg. 4 b, lanes 1-3) confirming previous 
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Figor* 3. The 128-kD antigen and amphiphysin partition similarly in 
a^erenual ccntrifugation and Triton X-114 phase separation. Particulate 
(Pj) and cytosolic (Sj) rractions of rat brain were extracted in Triton X-114 
and^tnrugcd to obtain a soluble (sol) and an insoluble (ins) fraction. 
The Triton X-114-soluble material (lanes 3 and 8) was separated into de- 
tergent (D; lanes 4 and 9) and aqueous {A; lanes 5 and 10) phases. The 
tractions were probed by immunoblotting with antiamphiphysin affinity- 
punned antibodies (Amp k4P), with BC-SMS 1 serum (BOSMS 1), and 
with annsynaptophysin serum (Synapt-S). The 128-kD antigen and am- 
pfaiprr^in were recovered in both the cytosohc (S3) and in the particulate 
(P3) tractions, and exclusively in the Triton X-114 aqueous phase derived 
from these fractions. Synaptophysin, which is an integral membrane pro- 
tern with four transmembrane spanning domains, is recovered only in P3 
and primarily in the detergent phase derived from the Triton X-114-soiubIe 
material obtained from P3. 




results (9). As a control, immunoprecipitation was performed 
with a SMS patient serum that contained high-titer anti-GAD 
antibodies (6, 8), hut no antibodies against the 128-kD auto- 
antigen. This immunopredpitate was positive for GAD (Eg. 
4 fc, lane 4) t but not for amphiphysin (Kg. 4 a t lane 4). Con- 
versely, a protein of 128 kD was detected when an immuno- 
prccipitate obtained with antiamphiphysin serum was irn- 
munoblotted with BC-SMS patient sera (not shown) To 
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Figure 5. BC-SMS patient sera recognize recombinant amphiphysin. 
Western blots of three identical gel triplets reacted with sera BC-SMS 2, 
3, and 4, as indicated. Lanes f , bacterial lysate expressing a 165-kD fusion 
proton of frgalactosidase with a yet unidentified synaptic protein (done 
10.12.1; E Lichte, and M.W. Kihmann, unpublished observation). Lanes 
2, bactenal lysate expressing a j3-galactosidas«hicken amphiphysin fu- 
sion protein (clone amphy-11.3; fusion protein size <^230 kD) (10). Lanes 
J. chicken brain total homogenate. Identical results were obtained with 
serum BC-SMS 1 (not shown). Long and short arrows indicate the mobil- 
ities of the chicken amphiphysin fusion protein and of the control fusion 
protein, respectively. Bands below the major immunopositive bands of 
lanes 2 most likely represent proteolytic fragments of the fusion protein. 
An arrowhead points to chicken brain amphiphysin. 
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Figure 6. The 128-kD antigen 
and amphiphysin have the same 
tissue distribution. Western blot 
of postnudear supernatant* of rat 
tissues (brain, pituitary, testis, 
liver) and endocrine cell lines 
(PC12 cells [rat chromaffin cell 
line]; jSTC3 cells [moose in- 
sulinoma); «TC9 [mouse glua- 
gononu]) probed with either 
BC-SMS patient serum (BC- 
SMS 1) or antumphiphysin serum 
(AmplyS). 



conclusively demonstrate that BC-SMS sera recognize am- 
phiphysin, they woe tested against bacterial lysates containing 
recombinant amphiphysin as shown in Kg. 5. BC-SMS sera 
l*eled a ^-galactosidase-chicken amphiphysin fusion protein 
(Rg. 5, lanes 2) and chicken brain amphiphysin (Kg. 5, lanes 
'* but not a control fusion protein (Fig. 5, lanes 1). 

Amphiphysin was previously shown to have a restricted 
tissue distribution (10). Amphiphysin mRNA was detected 
at high levels in brain and at lower levels in adrenal gland. 
By immunoblotting amphiphysin was detected in the anterior 
and posterior pituitary as well (10). The expression of am- 
phiphysin was compared with that of the 128-kD antigen 
m a variety of tissues and cell lines using Western blotting 
Fig. 6 shows that the serum of a BC-SMS patient and the 
rabbit serum directed against amphiphysin label a similar pro- 
ton in brain, pituitary, and cell lines derived from adrenal 

C T m ^?« C ^L (PC12 ^ ^ fro* Pancreatic « and 0 
cols (orTC9, pFC3) (19, 20) but not in liver. Presence of am- 
phiphysin in all cells of pancreatic islets was confirmed by 
immunocytochemistry (not shown). Endocrine cells of the 
anterior pituitary, adrenal medulla, and pancreatic islets have 
many biochemical and functional similarities to neurons and 
con to organelles closely related to neuronal synaptic vesicles 
(21, 22). In addition, both amphiphysin and the 128-kD an- 
tigen were detected in the testis (Rg. 6). By immunocyto- 
chemistry with BC-SMS sera, amphiphysin immunoreactivity 
in the testis was found to be confined to germ cells. AD germ 
cells expressed amphiphysin irrespective of their stage of 
chfferentiation (from spermatogonia to mature spermatozoa) 
(not shown) Previously, amphiphysin mRNA could not be 
detected in chicken testis (10), but this was probably so be- 
cause the RNA had been purified from immature testis of 
7-d-old animals. It should be noted that GAD as well is ex- 
pressed m male germ cells (23). 



These data convincingly demonstrate that the 128-kD an- 
tigen is amphiphysin. Amphiphysin contains in its sequence 
a hydrophobic 21-amino acid region that would be compe- 
tent to form a transmembrane helix (10). However, the 
recovery of amphiphysin both in soluble and membrane frac- 
tions <W) as well as the presence of a pool of the protein 
detectable by urununocytwiernistry throughout the neuronal 
cytoplasm (9) indicate that amphiphysin is not an intrinsic 
membrane jrotein. like amphiphysin, GAD, the other major 
autoanugen of SMS, is concentrated in nerve terminals where 
it interacts with synaptic vesicles but is not an intrinsic mem- 
brane protein (14. 24-26). While GAD is expressed only by 
OAJiA-secretmg neurons, amphiphysin is not restricted to 
these neurons (9, 10). 

The similar subcellular localization of GAD and am- 
phiphyrin is intriguing if one considers that they are the only 
two known targets of CNS autoimmunity with this distri- 
bution. This observation raises the possibility that pthogenetic 
mechanisms in SMS may be linked to CNS autoimnjunity 
directed against presynaptic components that interact with 
synaptic vesicles. Autoantibodies directed against GAD and 
ampmplrysin are not likely to be directly pathogenetic be- 
cause antibodies are not thought to have access to the cyto- 
plasmic compartment. They may represent the dominant au- 
toantibody species in the contact of an autoimmune response 
directed against multiple antigens (27), including proteins 
exposed at the cell surface that may be the pathogenetic targets 
of the autoimmune response. Alternatively, these autoanti- 
bodies may reflect an autoimmune reaction in which T cells 
are the primary players. GAD and amphiphysin autoantibodies 
segregatewith two SMS patient subpoptuations, each charac- 
terized by different associated diseases. GAD autoanti- 
body-positivc SMS is often associated with organ-specific au- 
toimmune diseases and primarily insulin-dependent diabetes 
melutus (3-7). Amphiphysin autoantibody-positive SMS 
occurs only in association with cancer (9) and has the charac- 
teristics of an autoimmune paraneoplastic syndrome (28, 29). 
Therefore, the two patterns of autoimmunity are likely to 
be related to these different associated conditions. Further 
studies of antiamphiphysin autoimmunity and of the func- 
tion of ampbphysin or amphiphysin-related molecules not 
only may shed some light on pathogenetic mechanisms in 
SMS, but may also help in the elucidation of the biology of 
at least some types of cancer. Although amphiphysin was not 
detected m breast cancer tissue (9), it will be of interest to 
determine whether amphiphysin-related proteins are expressed 
m breast cancer. 
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Autoantibodies to Glutamate Receptor GluR3 in 
Rasmussen's Encephalitis 



Scott W. Rogers,* P. Ian Andrews, Lorise C. Gahring, 
Teri Whisenand, Keith Cauley, Barbara Crain, 
Thomas E. Hughes, Stephen F. Heinemann, 
James O. McNamara 

Rasmussen's encephalitis is a progressive childhood disease of unknown cause charac- 
terized by severe epilepsy, hemiplegia, dementia, and inflammation of the brain. During 
efforts to raise antibodies to recombinant glutamate receptors (GluRs), behaviors typical 
of seizures and histopathologic features mimicking Rasmussen's encephalitis were found 
in two rabbits immunized with G!uR3 protein. A correlation was found between the pres- 
ence of Rasmussen's encephalitis and serum antibodies to GluR3 detected by protein 
irnmunoblot analysis and by immunoreactivity to transacted cells expressing GluR3. 
Repeated plasma exchanges in one seriously ill child transiently reduced serum titers of 
GluR3 antibodies, decreased seizure frequency, and improved neurologic function. Thus, 
GluR3 is an autoarrtigen in Rasmussen's encephalitis, and an autoimmune process may 
underlie this disease. 



Rasmussen's encephalitis is a rare, progres- 
sive, catastrophic disease of unknown patho- 
genesis that begins in the first decade of life, 
affecting previously normal children (i). The 
disease affects the cortex of a single cerebral 
hemisphere, resulting in intractable seizures, 
herniparesis, and dementia. Hie diagnosis is 
established by these typical clinical features, 
together with hemispheric atrophy and a 
characteristic inflammatory histopathology 
(J, 2). Treatment of the incapacitating sei- 
zures with conventional anticonvulsants is of 
limited benefit. Surgical removal of the affect- 
ed hemisphere is the standard therapy. Glu- 
tamate and related amino acids are the pre- 
dominant excitatory neurotransmitters in the 
mammalian central nervous system (CNS) 
(3) and have been implicated in neurodegen- 
erative diseases and epilepsy- To generate 
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subtype-specific antiboclies to recombinant 
GluR proteins, we irnmttnized rabbits with 
bacterially expressed trpE gene fusion proteins 
that included a portion of the putative extra- 
cellular domain of GluRl, 2, 3, 5, or 6 or the 
putative cytoplasmic domain of subunits ((M) 
of the neuronal nicotinic acetylcholine recep- 
tor (nAChR) rarrriiy (4). 

After four immunizations with GluR3 
fusion protein, two rabbits developed high 
titers of GluR3 antibodies, anorexia, and 
behaviors characteristic of seizures, consist- 
ing of brief periods of immobilization, un- 
responsiveness, and repetitive clonic move- 
ments. One rabbit had severely lacerated its 
tongue, suggestive of tongue biting during a 



Rg. 1. Characteristic 
histopathology of neo- 
cortex of one symptom- 
atic rabbit immunized 
with GluR3 (A through 
C) and comparable 
sections from resected 
temporal lobe of indi- 
vidual At (D through F). 
(A) and (D) Neocortex 
with meningeal lympho- 
cytic infiltrate (arrow) 
and a microglial nodule 
(double arrow). Bars 
are 200 um (B) and (E) 
Microglial nodules from 
(A) and (D) . Bars are 50 
um. (C) and (F) Peri- 
vascular lymphocytic 
cuffing from entorhinal 
cortex in the rabbit and 
amygdala in individual 
Al. Bars are 100 jun. 



seizure. By contrast, no behavioral abnor- 
malities were seen in another rabbit immu- 
nized with GluR3 fusion protein or in any 
of more than 50 rabbits injected with fusion 
proteins containing GluRl, 2, 5, or 6 or 
neuronal nAChR sub-units, although high 
titers of the appropriate antibodies were 
observed (4). Gross examination of the 
brains of the symptomatic, GluR3-immu- 
nized rabbits disclosed no abnormality. 
However, microscopic examination dis- 
closed inflammatory changes consisting of 
microglial nodules and perivascular lym- 
phocytic infiltration tnainly, but not exclu- 
sively, in the cerebral cortex, together with 
lymphocytic infiltration of the meninges . 
(Rg. 1). Microscopic examination of the 
brain of the asymptomatic rabbit immu- 
nized with GluR3 fusion protein disclosed 
no abnormality. We reasoned that the rab- 
bits' symptoms and inflammatory CNS his- 
topathology probably represented an au- 
toimmune process directed against GluR3, 
on the basis of the immunization history, 
the occurrence of symptoms only in GluR3- 
immunized rabbits, and the similar distribu- 
tion of inflarmnatory pathology in these 
animals and GluR3 rrtRNA in normal ani- 
mals (5). The occurrence of disease in 
some, but not all, GiiiR3-imnuinized rab- 
bits is similar to the incidence of autoim- 
mune myasthenia gravis in mice immunized 
with nAChR (6). 

These symptomatic rabbits resembled 
individuals with Rasmussen's encephalitis. 
Common features include (i) recurrent sei- 
zures (1); (it) irm^ammatory histopathology, 
characterized by meningeal and perivascu- 
lar lymphocytic infiltrates and microglial 
nodules (Fig. 1) (2); and (iii) predominant 
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localization of this inrbrnmatory process in 
the cerebral cortex with relative sparing of 
the basal ganglia, thalamus, deep white 
matter, brainstem, and cerebellum (2). We 
therefore hypothesized that Rasmussen's 
encephalitis is due to an autoimmune pro- 
cess directed at GluR3 protein. 

To test this idea, we measured immuno- 
reactivity toward GluR3 and other neural 
receptors in sera from four individuals with 
pathologically confirmed Rasmussen's en- 
cephalitis, four age- and sex-matched epi- 
leptic children, four age- and sex-matched 
children without CNS disease, five children 



with active CNS inflammation, four other 
epileptic children, and four other normal 
children. Protein immunoblot analysis was 
performed with trpE fusion proteins con- 
taining corresponding regions of the puta- 
tive extracellular domains of GluRl , 2, 3, 
and 5 (Fig. 2 and Table 1) and a portion of 
the putative intracellular domain of 
nAChR subunit P4 (4, 7, 8); blots were 
interpreted by observers unaware of the 
sources of the sera. Immunoreactivity to 
GluR3 fusion protein was detected in mul- 
tiple sera samples from two individuals with 
Rasmussen's encephalitis [CK in (9); Al in 




Fig. 2. Prominent serum reactivity 
toward GluR3-frpE fusion protein 
in an individual with active Ras- 
mussen's encephalitis. Protein 
extracts enriched in fusion pro- 
teins were loaded on the desig- 
nated lanes (GluRl. 2, 3, and 5) 
and visualized (4, fl). The site at 

which GIuR fusion proteins reside . i , . 

is denoted by the arrowhead in (A). (A) Serum irnrnurwreactrvity of a rabbit immunized with trpE 
protein devoid of GtuR protein. Because each GIuR fusion protein contains trpE protein, each GIuR 
fusion protein exhibits Immunoreactivity. The bands not marked by the arrowhead represent 
irrelevant immunoreactivity, principally to bacterial proteins or to fragments of GIuR fusion protein. 
(B) No immunoreactivity to any GtuR fusion protein is evident in serum from the individual (GO) 
without active disease. This blot was typical for sera of 20 of 21 controls. (C) Serum from individual 
Al shows immunoreatfivity to GluR3, but not to any other GIuR. (D) We first adsorbed serum from 
individual Al with lysate from frp&expressing £ coli to remove immunoreactivity to bacterial 
antigens (4. 8). The main GluR3 imrnunoreactivity is shown, with smaller faint bands presumably 
representing QuR3 fusion protein degradation products. Of the individuals tested, this serum 
exhibited the most prominent immunoreactivity to GluR3. Molecular size standards are shown at left 
(in kilodaftons). 

Table 1 . Summary of serum immunoreactivity to GtuR in individuals with Rasmussen's encephalitis. 
Initials of all individuals were changed to protect their identity. Sz, seizures; GM Sz, generalized, 
tonic clonic seizures; R1. GluRl; and R6, GluR6 transiently expressed in transferred cells. 

Immunoreactivity 



Fig. 2). CK also exhibited weak immunore- 
activity to GluR2 fusion protein. Serum 
from a third individual with Rasmussen's 
encephalitis (EM) exhibited weak immuno- 
reactivity to GluR2 fusion protein but not 
to other antigens (9), The fourth individual 
with Rasmussen's encephalitis (GO) did 
not exhibit serum immunoreactivity to any 
tested antigen- Sera from 20 of 21 control 
individuals showed no immunoreactivity, 
and one control serum showed immunore- 
activity to GluR3 (10) that was different 
from the serum GIuR immunoreactivity 
exhibited by individuals with Rasmussen's 
encephalitis (P = 0.006; Fisher's exact 
test). 

To obtain independent validation of 
GIuR immunoreactivity in these sera, we 
examined immunoreactivity toward full- 
length GluR3 protein in its three-dimen- 
sional conformation. Human embryonic 



Immunoblot 



In cells 



Al, progressive 
CK, progressive 
EM, hemiparesis, Sz 
GO, stable, no Sz 

Absence + GM Sz 
Simple, partial Sz 
Complex, partial Sz 
Posttraumatic Sz 

CNS lupus erythematosus 
CNS lupus erythematosus 
Multiple sclerosis 
Varicella encephalitis 
Tuberculous meningitis 

Cardiac surgery 
Trauma 
Trauma 
Obesity 

Four children 

Four children 



Rasmussen patients 
GluR3 

GluR3; weak GiuR2 
Weak GluR2 
None 

Age- and sex-matched epileptic controls 
None 
None 
None 
None 

Children with active CNS inflammation 
None 
None 
None 
None 
None 

Age- and sex-matched normal controls 
GluR3 
None 
None 
None 

Epileptic chiidren 
None 

Normal chiidren 
None 



GluR3 (not R1 or R6j 
GluR3 (not R1 or R6) 
GluR3 (not R1 a R6) 
None 

None 
None 
None 
None 

None 
None 
None 
None 
None 

None 
None 
None 
None 

None 

None 




Fig. 3. Serum immunoreactivity toward trans- 
lated HEK 293 cells expressing either GluR3 
or 0-galactosidase (ft). (A) Serum trom one 
symptomatic, GtuR3-immunized rabbit reacts 
with cells expressing GluR3. (B) Sera from 
control individuals exhibit no immunoreactivity. 
Immunoreactivtry to transfected cells express- 
ing GluR3 is present in sera of those individuals 
with active Rasmussen's encephalitis: EM (D). 
CK (E). and Ai (F) but not in individual GO (C), 
who exhibits no active disease. 
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kidney (HEK) 293 cells were transiently 
transfected with expression plasmids con- 
taining the complementary DNA (cDNA) 
for GluR3 or (3-galactosidase (11). Sera 
from the three individuals with Rasmussen's 
encephalitis that exhibited immunoreactiv- 
ity to GiuR3 or CluR2 on protein immu- 
noblots also reacted with transfected cells 
expressing GluR3 (Fig. 3 and Table 1). 
Serum from the fourth individual with Ras- 
mussen's encephalitis, which was negative 
by protein immunoblot analysis, did not 
react with transfected cells. None of the 
control sera reacted with transfected cells, 
including the single control serum that was 
positive on the protein immunoblot (10). 
The correlation between serum immunore- 
activity to GluR3 and Rasmussen's enceph- 
alitis was significant (P = 0.002; Fisher's 
exact test). Sera from individuals with Ras- 
mussen's encephalitis did not react with 
transfected cells expressing the closely re- 
lated GluRs GiuRl or GluR6, demonstrat- 
ing the specificity of the GluR3 immunore- 
activity. All measurable immunoreactivity 
in these individuals was of the immuno- 
globulin G (IgG) class. 

GluR immunoreactivity correlated with 
clinical findings of Rasmussen's encepha- 
litis- The three individuals (AI, CK, and 
EM) with GluR immunoreactivity on pro- 
tein immunoblot and GluR3 immunoreac- 
tivity on transfected celb have progressive 
disease or ongoing seizures. The only in- 



dividual (GO) with Rasmussen's enceph- 
alitis without immunoreactivity to any 
GluR proteins by protein immunoblot or 
transfected cell analyses underwent hemi- 
spherectomy 2 years before data collection 
and has since remained clinically stable 
and seizure-free. 

The correlation between GluR3 immu- 
noreactivity and disease activity suggested 
that GluR3 antibodies could be pathogenic 
in Rasmussen's encephalitis. We therefore 
hypothesized that removal of GluR3 anti- 
bodies by recurrent plasma exchange (PEX) 
would be beneficial. CK, now 9 years old, 
was well until a minor, left forehead injury 
in 1990, following which she experienced 
increasingly frequent generalized and right 
body seizures with progressive cognitive de- 
cline, speech disability, right hemiparesis, 
and left cerebral atrophy. No remissions 
occurred. Pathologic examination of a left 
temporal cortex biopsy confirmed the diag- 
nosis of Rasmussen's encephalitis. GluR) 
irnmunoreactivity, monitored with an en- 
zyme-linked immunosorbent assay (ELISA) 
(4, 12), was high. She was treated with 
recurrent, single-volume PEX and exhibited 
a beneficial response (Fig. 4). During the 
first 7 weeks of PEX, seizure frequency de- 
creased by 80%. Cognition, speech, and 
hemiparesis improved, correlating in rime 
with diminished GluR3 immunoreactivity. 
Over the ensuing 4 weeks, however, seizure 
frequency increased, and cognition, speech, 



and motor skills deteriorated in parallel with 
increased GluR3 immunoreactivity. 

Molecular mimicry between self and for- 
eign antigens expressed in microbes is one 
mechanism that has been proposed for the 
pathogenesis of autoimmune diseases (13). 
Structural similarities have been identified 
between the ligand-binding domains of 
multiple classes of GluRs and bacterial peri- 
plasms amino acid-binding proteins (14). 
Infection with such microbes may induce 
an immune response that also targets 
GluRs. 

The transient improvement after PEX 
in one seriously ill child suggests that 
circulating antibodies contribute to dis- 
ease pathogenesis. The circulating auto- 
antibodies would have to gain access to 
GluR3 in the brain, which is normally 
protected by the blood-brain-barrier 
(BBB). Focal disruption of the BBB can 
occur transiently with focal seizures (15) 
or as a consequence of head injury (16), 
an event that occasionally precedes Ras- 
mussen's encephalitis (2, 17). After dis- 
ruption of the BBB, we hypothesize that 
the ensuing immune-mediated neural in- 
jury could trigger focal seizures- Thus, a 
cycle could be set in motion whereby focal 
seizures disrupt the BBB and facilitate the 
local access of pathogenic antibodies to 
brain antigens; the subsequent immune 
response could cause more seizures; and a 
progressive disorder results* This cycle 
could also explain the localized cortical 
onset of disease and the gradual expansion 
throughout one hemisphere. The contra- 
lateral hemisphere would be spared be- 
cause it would not be a source of focal 
seizures, and the BBB would be relatively 
preserved. 

Our data establish a link between cir- 
culating antibodies to a ligand-gated ion 
channel receptor of the CNS and a pro- 
gressive encephalopathy with epileptic sei- 
zures. A related process may be operative 
in other forms of epilepsy, because histo- 
pathology similar to that of Rasmussen's 
encephalitis has been identified in 5 tv 
10% of individuals undergoing temporal 
lobectomy for refractory epilepsy (18). 
Related processes may also contribute to 
other CNS disorders with inflammatory 
histopathology. 
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(O, and GIuR2 immunoreactivity 
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right hemiparesis, and no sponta- 
neous speech. She was unable to 
read or solve simple math prob- 
lems, and her writing and drawing 
were primitive. During the first 7 
weeks of PEX, GluR3 antibody titer 
measured immediately before 
each PEX decreased, in temporal 
association with reduced seizure 
frequency. She spoke spontane- 
ously in phrases and short sen- 
tences; her understancSng, right 
hemiparesis. calculations, draw- 
ing, and writing improved. For the 
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playing with dolls, riding a bicycle, 
and participating in household ac- 
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Variable Gearing During Locomotion in the Human 
Musculoskeletal System 

David R. Carrier,* Norman C. Heglund, Kathleen D. Earls 

Human feet and toes provide a mechanism for changing the gear ratio of the ankle extensor 
nusdes during a running step. A variable gear ratio could enhance muscle performance 
juring constant-speed running by applying a more effective prestretch during landing, while 
-rtaintaining the muscles near the high-efficiency or high-power portion of the force-velocity 
surve during takeoff. Furthermore, during acceleration, variable gearing may allow muscle 
sontractil properties to remain optimized despite rapid changes in running speed. Force- 
plate and kinematic analyses of running steps show low gear ratios at touchdown that 
increas throughout the contact phase. 



Toes were present in the earliest tetrapods 
(I) and occur in all modem tetrapods ex- 
cept those that are highly specialized for 
limbless or aquatic locomotion. Feet and 
toes form an adaptable interface between 
the animal and its environment- They pro- 
vide traction and a means for grasping the 
substrate, function as various tools and 
weapons (2) , and help to maintain balance 
(3). In this report, we suggest that feet and 
toes improve locomotor performance by 
varying the gear ratio (that is, the velocity 
ratio) between the ankle extensor muscles 
and the point of application of the force on 
the ground (the center of force) during the 
course of the contact phase of a running 
step. 

The proposed mechanism is easily visu- 
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alized during running at a steady speed (Fig. 
1). The foot is analyzed as a simple Type 1 
lever of zero mass with the fulcrum at the 
ankle by means of the equation R x F r = r 
x F m , where R is the ground force moment 
arm, F t is the ground reaction force, r is the 
muscle force moment arm, and F ro is the 
muscle force. During the contact period of a 
step, the point at which force is applied to 
the ground (the center of force) moves from 
under the heel or middle portion of the foot 
at touchdown to the tips of the toes at 
takeoff. This forward translation could in- 
crease the length of the moment arm be- 
tween the ankle and the force exerted on 
the ground <R) and, therefore, increase the 
gear ratio (R/r) of the ankle extensor mus- 
cles and tendons. 

Variable gearing would be advantageous 
in running, as it is in the automobile, 
because in both cases the motors (cross- 
bridges in muscle and pistons in engines) 
have a limited speed range over which they 
operate at peak power or efficiency (4). In 
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order to maintain a narrow range of optimal 
engine speeds despite varying drive speeds, 
the ratio of engine speed to drive speed 
must be changed by a variable gear ratio. 
Furthermore, muscles have unique proper- 
ties that can benefit from variable gearing 
within the contact phase of a running step- 
Active muscles that are forcibly stretched 
just before shortening are able to do more 
work during the shortening. This nonelas- 
tic enhancement of the contractile proper- 
ties of the muscle increases, within limits, 
with increasing stretch length (5) but is 
effective over relatively small shortening 
distances. If a runner were to land at a low 
gear ratio and take off at a higher gear ratio, 
both the prestretch and the subsequent 
shortening of the muscles could be opti- 
mized. Thus, variable gearing could reduce 
' the need for locomotor specialization, al- 
lowing individuals to move about more 
efficiently, accelerate more quickly, run 
faster, and jump higher. 

To test this hypothesis, five people (3 
males and 2 females) ran over a Kistler 
928 IB force plate. Four of these people also 
accelerated maximally over the force plate, 
starting just off the plate so that the first 
step landed on the plate. A lateral view of 
limb position was recorded with a Peak 
high-speed video camera at 1 20 images per 
second (Fig. 1). Recordings of forces on the 
ground allowed calculation of the magni- 
tude and orientation of the ground reaction 
force and the position of the center of force 
under the foot. For each video image taken 
during foot support (at 8.33-ms intervals), 
the ground force moment arm (R) was 
calculated by dividing the moment at the 
ankle by the resultant of the horizontal and 
vertical ground forces. Similarly, the mus- 
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